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TRODUCTION 


Many of the detailed studies done in connection with Ecological Study 
of the Lagoons surrounding the John F. Kennedy Space Port were performed 
as Master's Thesis investigations by various graduate students enrolled at 
F.I.T. during and subsequent to the report. The scope and purpose of what 
we came to call "the KSC Baseline Study" caught the imagination and interest 
of our student body. Many who were not financially or otherwise connected with 
the project found their inspiration in studies that were directly connected with 
project, and thus added materially to the totality of the knowledge gained. An 
example of one such study is the first article included in this Volume, A Master's 
Thesis study performed by Shen Phillip Chen, who chose the site for his investi- 
gation so that his results would correlate with and extend the results of others. 


In addition to the Master's Theses contained in this Volume, six other 
graduate studies must be acknowledged here as contributing to this Report, al- 
though they have not reached the stage of final publication. Ms. Sandra Fettes 
has completed a study of the amounts of five trace metals in mangrove leaves 
from plants at various locations around the Kennedy Space Center. Mr. Ber- 
nard Cohenour has isolated and identified a number of oil consuming bacteria 
endemic in the waters of the Indian Rivers. Mr. Charles Waterhouse has analy- 
zed historic data of tidal gauges in the lagoonal area and correlated it with wind 
field records. Mr. Renkert Meyer has measured the vertical and horizontal 
currents of the lagoons and is attempting an interpretation of them in terms of 
the wind field as a driving force. Mr. Richard Campbell has measured the rate — 
of nitrogen fixation in both the water columns and the sediments under them in 
the lagoons. Mr. Craig Weiderhold has measured the annual variations in the 
populations of benthic invertebrates in the lagoons. 


An integral part of the F.I.T. curriculum is a requirement that each 
undergraduate student perform an independent study during his Senior year and 
submit his results in the form and format of a professional scientific report. 
While none of these Senior Project Reports have been included in this Volume 
because of space limitations, many of them aided significantly in the overall 
study. Typical of these were: light and dark bottle studies of the blue-green 
algae respiration; writing and executing computer studies comparing the water 
chemistry data from various sites; detection and identification of nitrogen fixa- 
tion bacteria in the Indian River; measurement of dissolved oils and greases in 
the river, photographically recording the benthic life-forms found in the river 
bottom; measuring the vertical structure of drift and slope currents in the lagoons; 
and measurement of water level variations along the long axis of a lagoon as a 
function of wind stress. 


These articles are published as a part of this Final Report in an effort 
to make available for the record as much of the basic data as possible. The 
few articles published on the Indian River have in general not contained much de- 
tailed data, so that comparisons of current status to conditions of the past are 
difficult or impossible. A major effort of both the Oceanographic and Ecological 
communities for the past decade has been the retrieval and storage of basic data 
in order to permit determinations of trends or changes in baseline conditions. 
It is believed that the information compiled here will be of great value in any 
future investigations. 
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‘ABSTRACT 


The rate and mode of decomposition of manatee grass 
(Cymodoceum manatorum) in the Indian River, Brevard County, Floride. 
was measured in-situ and in the laboratory. Although there were variations 
in rates between the two methods, statistical analysis shawa thai they are not 
signigicant. Rates of change for seven parameters were measured. The 
rate of change of four parameters (chlorophyll, carbohydrate, caloric con- 
tent and amino acid) correlated closely with the loss of dry weight through 
decomposition. The remaining two parameters foroteth and total lipids) 
appear to reflect the growth of large bacterial, fungal] and micro-inverte- 


brate populations on the plant detritus. 
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J. INTRODUCTION 


The Florida coastline extends over 3000 miles, and includes 
warm-temperate, sub-tropical and tropical zones. The Florida peninsula 
is surrounded by barrier islands, offshore Keys and wide shallow sandy 
bottoms. The barrier islands separate the moving waters of the Gulf 
Stream from the off-shore shallows, creating warm quiet saline lagoons, 
which are favorable habitats for submerged plants and extensive diverse 
populations of vertebrates and invertebrates. The submerged plants con- 
stitute one of the basic links in the food chain. The four most common and 


important of the Florida sea grasses, as determined by Phillips (1960) are 


Thalassia testudinum Konig, Syringodium filiforme Kutz, (or Cymodocea 


manatorum Aschers), Diplanthera wrightii Aschers (or Halodule wrightji 
Aschers) and Ruppia maritima L. In the north end of the Indian River, 
Brevard County, Florida, the area selected for this study, Cymodocea 
manatorum is the dominant species, therefore it was selected as the sub- 
ject for this study of decomposition rates and products of decomposition. 
Decomposition of plant materials by abiotic and biotic processes. 
The abiotic processes are primarily those of mechanical epeskais and dis- 
persal of the dead plant tissues. The biotic processes, accomplished pri- 
marily by bacteria and fungi, decompose plant materials into their compo- 
nent nutrients, feeding the bacteria and fungi and releasing other nutrient 
materials into the surrounding waters where they become the primary food 


source for other marine animals (Phillips, 1960). Because of the food 


w 


supply made available by decomposition, seagrass beds are nurseries and 
feeding grounds for young fish and shrimp, as well as for countless popu- 
lations of small marine animals such as the Polychaeta, Holothuria, Amphi- 
poda, and Mollusca which were found living inside the plastic milk-jugs 

that were used as decompcsition chambers for this study. The nutrients 
released into the water when seagrass leaves decay help to support a large 
plankton population, which in turn supports an abundance of larger animals, 
and so on up the food chain (Phillips, 1960). 

The principle source of primary production in the Indian River 
is the benthic seagrass beds. The nutrients locked up in the leaves are not 
available to other plants nor to most of the animals living in the river, be- 
cause the animals are not able to digest directly the celluloses and lignins 
of the leaves. Even for those animals that eat the leaves, the utilization of 
lignin and cellulose by animals is largely mediated by symbionts, or involves 
passage through a detritic form (Margalef, 1968). The decaying leaves are 
broken up into many small pieces, called detritus, which are then further 
digested by bacteria until ultimately no part of the leaf is left intact. The 
bacteria and fungi are fed upon by larger zooplankton, or dying, release 
their nutrients into the water. Some detritus may sink to the bottom and 
become a part of the sediments, but even here, it is subject to attack and 
decomposition by both aerobic and anaerobic bacteria. The nutrients are 
not necessarily lost just because they are contained in the sediments: 

"Since detritus refers to all the particulate preents matter 


involved in the decomposition of dead organisms, the sediments may act 


as a nutrient storage bank (Patriquin, 1972)". 
 J.ee.+. rooted aquatic plants often recover nutrients from 
deep it: the anaerobic sediments and thus provide a useful nutrient pump 


for the ecosystem (Odum, 1971)". 
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Station A and B - near the stations, there is the Haulover 
Canal connecting the Indian River and Mosquito Lagoon. 


H. STATEMENT OF THE INVESTIGATION 


This study of the decomposition rate of manatee grass 
(Cymodocea manatorum) was conducted in two modes, one in the laboratory 
and the other ‘tin situ" in the Indian River. For each mode, a determination 
of rate of decomposition was made at two week intervals for a total span of 
ten weeks. Measurements of (1) total lipids, (2) protein content, (3) carbo- 
hydrate content, (4) chlorophyll, (5) amino acid content and (6) caloric con- 
tent were also made at two week intervals. The data derived is examined 
statistically for correlation between the two modes as well as for compa- 


rability between the two parallel simple groups established for each mode. 
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Il. METHODS AND MATERIALS 


A. Indian River Site 

1) For the "in-situ" investigation, a sample site near the 
Haulover Canal, at the north end of the Indian River, in Brevard County, 
Florida was selected, The geographic coordinates of the site are 28°43! 
30" north latitude and 80°45'30" west longitude (Nautical Chart 843-SC, 
Intracoastal Waterway, U.S. Department of Commerce). 

The site is an extensive manatee grass bed in three to four feet 
of warm, quiet water. The site is protected from violent water movement 
or disturbance by surrounding small islands and land masses. Existing 
water movement is wind-driven in character, with no tidal component 
measurable. The salinity of the water is determined by local rainfall and 
evaporation, and varies from 27 °7/o0 to 30 °/o0 (see figure 1). 

2) Two stations (A & B) were established about six feet apart 
in the grass bed. For each station, a group of five sample containers was 
prepared,. lashed together, tied to a concrete block and sunk into the grass 
bed. Sample containers were made from one-gallon plastic milk jugs. 
Large oval holes were cut into each of the four sides of the jugs to assure 
adequate water flow around the mass of decomposing grass. After a 50 gram 
sample of freshly-pulled manatee grass leaves was placed in the jug, each 
jug was closely wrapped with fibre-glass screen cloth. At two week intervals, 
the site was revisited and one sample jug from each station was taken back 


to the laboratory for analysis (see figure 2). 


B. Laboratory Investigation 

1) Two groups of five cach glass culture bottles were set up to 
parallel the in-situ study. Fresh, live manatee grass was pulled at the 
in-situ site returned to the laboratory, cut into lengths of approximately 
one centimeter and weighed into the bottles. Group 1 bottles received 20 
grams of chopped grass while group 2 bottles received 50 grams each. 
Each bottle was then filled with two liters of river water taken in-situ. An 
aquarium air pump and distribution manifold was used to bubble air through 
each jar to maintain the dissolved oxygen level at or near saturation through- 
out the study, so that the decomposition would be under aerobic conditions 
similar to those in the river. The room temperature around the jars was 
maintained between 23°C and 25°C during this study. Available light in the 
laboratory was arranged with fluorescent lamps, which were turned on from 
8:00 am to 5:00 pm daily during week days only (Figure 3). 
C. Analytical Methods 

1) Rate of decomposition 

Each sample of live green leaves of manatee grass was weighed 
and the weight recorded before placing it in its container. Once each two 
weeks, one container was withdrawn from each sample group. The re- 
maining grassy material was removed and weighed wet. A small portion 
was removed, weighed and oven dried at 60°C for twenty four hours, then 
weighed to determine the dry weight of material remaining. This dried 
sample was then ignited at 600°C for six hours and reweighed to determine 
the ash weight. The ratios of wet weight to dry weight and of wet weight 


to ash weight were then compared to similar ratios determined from wet 
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Sample Container Design and Station Lay-out 


FIGURE 2. 


FIGURE 3. Bottles in Laboratory 


samples of green leaves at the start of the study. 

2) Caloric content 

The heat of combusvion, in Keal/gram, was determined for 
each dried sample, using a Parr 1141 Calorimeter. 

| 3) Biochemical Analyses 

A sample aliquot (3 to 5 grams estimated) of moist sample 
material was ground in a Waring Blender in 25m1] of hot ethanol for 5 
minutes, the plant material allowed to separate and the ethanol carefully 
poured off. A seeond grinding was done with an additional 25ml of hot 
ethanol, then the two extracts were combined and centrifuged to separate 
the insoluble materials. The ethanol extract was collected and used for 
chlorophyll, amino acid and carbohydrate analyses. The insoluble material 
was further treated and used for total lipid and protein determinations. 

a) Total chlorophyll was determined spectrophotometrically, 
reading optical densities at 665nm and 645nm. | 

b) Amino acids were estimated based on glycine, as determined 
by the Ninhydrin method. 

c) Carbohydrates were determined by Anthrone method, (Wilson, 
1965 & Ingle, 1965). 

d) The insoluble portion was iueated with tri-chloro acetic acid 
and the total] lipid content measured by the sulfo~phosphovanillin colorimetric 
method described in the Harleco Products’ manual. 

e) The remaining residue was digested with potassium hydroxide 
overnight, then analyzed for protein content by the Lowry Protein Assay 


(Lowry, 1951). 
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D. Sample Randling 

During the study, it was found that the manatee grass in the 
screened plastic jugs in the river became heavily covered with macro- 
invertebrates as well as with bacteria and fungi. 

It was necessary to separate the manatee grass to be analyzed 
from its covering of macro-invertebrates. For analysis, a small aliquot 
of from 3 to 5 grams of grass was taken from the plastic jug and returned 
to the laboratory for separation of the invertebrates. If the sample lost 
moisture during the transfer to the laboratory, the invertebrates lost their 
moisture also and became glued to the grass making the separation very 
difficult. It was necessary to keep the sample aliquots wet during the trans- 


fer and until the separation had been completed. 


IV. RESULTS 


A. General 

Samples were analyzed at two week intervals over a ten week 
period. These data are reported both in terms of actual amounts found and 
in per cent of amount found relative to the initial set of analyses. The data 
are reported in tables and graphs accompanying the descriptions of results 
below. A statistical analysis of the data is detailed in Appendices 1 through 
8. 
B. Dry Weight Remaining 

Gross decomposition, as measured by the dry weight of material 
remaining, proceeded rapidly during the first two weeks, with losses of from 
19% to 43%, tien. increased even more rapidly during the second period, with 
only 6 to 17% of the material remaining. Thereafter, weight loss continued, 
but at a much slower rate, Table 1 and Figure 4 show clearly the precipitous 
loss during the first four weeks, and show further that the decomposition 
was not so rapid for the laboratory cultures as for the in-situ river samples, 
nor did decomposition proceed as far for the laboratory cultures. Statistical 
analysis, using the Analyses of Variance tests, shows that there is no sig- | 
nificant difference in the results between in-gjtu stations or laboratory 
cultures, but the difference between successive samples of both in-gitu 
cultures and the laboratory cultures is significant at the 1% level. This 
suggests that laboratory culture is an adequate procedure for measuring 
in-situ decomposition. The rate of change between time periods is highly 


significant. 


C. Total Lipids 

The data from the total lipids analyses showed hignly significant 
differences between the laboratory culture and the in-situ samples. The 
laboratory cultures showed an increase in total lipids during the first two- 
week period, then an abrupt drop during the next two weeks. After six weeks, 
the lipid content began to rise steadily again and by the end of the project had 
risen to levels greater than in the original sample, (see Table 2 and Figure 5), 
The in-situ samples declined steadily during the first four seein. then rose 
abruptly between the fourth and sixth weeks. Between the sixth and eighth 
wecks, the lipid values recovered at the same rate as the laboratory cultures, 
but then began to level off at values slightly below the original samples (87% 
and 96% respectively). The statistical analysis showed no significant dif- 


ference in behavior between the two laboratory cultures or between the 


At the in-situ river sites, the amount of protein in the samples 
decreased slowly but steadily through the sixth week, rose rapidly between 
the sixth and eighth week, then rose abruptly during the last period to values 
of 200% of the original samples (Table 3 and Figure 6). The differences 
between the two sites are not statistically significant. The laboratory cultures 
displayed a marked increase in protein level during the first two weeks to 
170% and 230% of the original samples. From the second through the eighth 
weeks, the level rose slightly then dropped slightly, but remaining at a high 


level. Between the eighth and tenth weeks, the level rose abruptly in the 


SITE 


STATION A 


STATION B 


GROUP 1 


te ee 


TABLE 1, 


DATE 
3-16 


39. 640g 
(100%) 
39. 640g 
(100%) 


15. 856g 


4-2 
28, 065g 
(70. 78%) 
22. 589g 
(56. 98%) 
12. 270g 
(71. 08%) 
32, 102g 


(80. 98%) 


4-16 
2,659¢ 
(6. 71%) 
2, 800g 
(7. 07%) 
2,515¢ 
(15. 86%) 
7. 098g 


(17. 91%) 


4-30 

2. 508g 
(6. 33%) 
2, 453g 
(6. 19%) 
2.379¢ 
(14. 77%) 
6. 501g 


(16.37%) 


5-13 
2,09¢ 
(5.27%) 
1. 978g 
(4. 99%) 
1. 755g 
(11. 07%) 
5. 759g 


(14. 53%) 


5-26 

1, 0539g 
(2. 66%) 
1, 224¢ 
(3. 09%) 
1, 6224¢ 
(10. 23%) 
4, 0264g 


(10. 16%) 


Dry Weight of Original Manatee Grass Remaining in Gram and Percent of Original Sample 
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Dry weight of manatee grass (gram)—————> 


FIGURE 4A. Dry Weight of Original Organic Matter Remaining 


DATE 


SITE 3-16 
0.5439 
STATION A 
(100%) 
0.5439 
STATION B 
(100%) 
0.5439 
GROUP 1 
(100%) 
0.5439 
GROUP 2 
(100%) 


TABLE 2, Total Lipid Content (mg total lipids/g of dry tissue) 


4-2 


0. 4464 


(82. 07%) 


0, 4898 


(90. 05%) 


0.6071 


(111. 62%) 


0.5517 


(101. 43%) 


4-16 


0.3782 


(69.54%) 


0.4550 


(83. 66%) 


0. 1496 


(27.51%) 


0.1328 


(24. 42%) 


4-30 


0, 1841 


(33. 85%) 


0. 1682 


(30. 93%) 


0. 1605 


(29. 51%) 


0, 1429 


(26. 27%) 


* 5-13 


0.5118 


(94. 10%) 


0. 4143 


(76. 17%) 


0.5484 


(100. 83%) 


0, 3886 


(71.45%) 


5-26 


0.5260 


(96. 71%) 


0.4755 


(87. 42%) 


0. 7336 


(134. 88%) 


0.6089 


(111. 95%) 


Total lipids (mg total lipids/gram of dry tissue)-———_—_» 


FIGURE 5. 
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FIGURE 5A. Total Lipid Content (mg) 
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TABLE 3. Protein Content (mg protein/g of dry tissue) 
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group 1 culture, paralleling the rise demonstrated at the river in-situ sites. 
The cultures in enous 2 rose very slightly. The differences between the two 
groups are found to be significant. The differences between the river sites 
and the laboratory cultures are found to be highly significant at the 1% level. 
E. Carbohydrates 

The carbohydrates decreased steadily during the first six weeks 
to values less than 10% of the original sample. From the sixth week to the 
end of the study, the values remained essentially static. The differences 
_ between the four sets of samples were not significant, whereas the change 
with respect to time was highly significant. 
F. Chlorophylis 

- Both the in-situ sites and the laboratory cultures showed large 

decreases in the amount of chlorophyll during the first two weeks, with the 
laboratory cultures showing the greatest loss. Thereafter, the laboratory 
cultures showed very little loss until the tenth week, when a further slight 
decline was noted (see Table 5 and Figure 8). The river stations continued 
to decrease slowly throughout the time of the study. The differences between 
the two river stations and between the two laboratory cultures were not sig- 
nificant, nor was the difference between the stations and cultures, The rate 
of change of loss was highly significant. 
G. Amino Acids 

The amount of amino acid measured rose sharply to a level of 
140% of the original sample during the first two weeks, then dropped steadily 
from the second through the sixth week to approximately 30%. The river 


stations showed a rise from the sixth to the eighth week and a loss again from 
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the eighth to the tenth week. The differences between stations and cultures 
was found not significant, although the change of rate with time was signifi- 
cant at the 1% level for the river stations and at the 0.1% level for the labora~ 
tory cultures (see Table 6 and Figure 9). 

H. Caloric Contents 

All samples showed a loss of caloric content during the first two 
weeks, with the laboratory cultures losing the most. For the rest of the 
study period, the river stations showed a steadily increasing caloric content, 
At the end of the study, the analysis showed 119% of the original sample. 
The laboratory cultures also showed an increase from the second week 
through the sixth week, a decrease at the eighth week and a small iiowoase 
at the tenth week (see Table 7 and Figure 10). Statistical tests showed that 
the difference between the station sites or between the laboratory cultures 
were not significant. The rate change with time was highly significant. For 
the laboratory cultures, the rate of change was significant at the 5% level. 

In another way, the authors also calculated the total amount left 
after each time period for these seven parameters by the way of using each 
value in Table 2 ~ 7 of specific period to multiply the relative specific value 
in Table 1 to figure out the total value left, not the value left per gram of 


dry tissue (see Fig. 4A, 5A, 6A, 7A, 8A, 9A and 104A). 
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DATE 


SITE 3-16 4-2 4-16 4-30 5-13 5-26 
2.085 1.15 0.946 — 0.786 0.56 0.52 
STATION A 
(100%) (55. 16%) (45.37%) (37. 70%) (26. 86%) (24, 94%) 
2.085 1.166 0. 932 0. 663 0.566 0.533 
STATION B 
(100%) (55. 92%) (44. 70%) (31. 80%) (27, 15%) (25, 56%) 
2. 085 0.73 0.723 0.714 0. 68 0.515 
GROUP 1 
(100%) (35. 61%) (34. 68%) (34. 25%) (32. 61%) (24. 70%) 
2.085 0. 844 0. 668 0.63 0.503 0.489 
GROUP 2 
(100%) (40. 48%) (32, 04%) (30.22%) (24. 13%) (23.45%) 


TABLE 5. Total Chlorophyll (mg total Chlorophyll/ g of dry tissue) 
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TABLE 6. Amino Acid (mg Amino Nitrogen/g of dry tissue) 
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TABLE 7. Caloric Content in K cal/gram and Percent of Original Sample 
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V. DISCUSSION 


Because the number of samples in this study was necessarily 
small, even small errors in analysis might result in serious distortions 
of data and of final conclusions, Each test was therefore repeated three 
times, and the results were averaged for this report. The statistical 
analyses performed were the "two-way analysis of variance (ANOVA) with- 
out replication" and the "significance tests in correlations" as described 
by Sokal and Rohlf (1969). 

At the beginning of this study, the larger animals that graze on 
manatee grass were excluded from the plastic sample bottles by the window 
screen that was wrapped closely around them, so that the test conditions | 
might be identical between the river stations and the laboratory cultures, 
In practice, the laboratory room temperature could not be modified to para- 
llel the changes in the river temperature, nor could the light levels of the 
‘ open river be duplicated in the laboratory. Further, the volume of water 
in the laboratory culture bottles varied from evaporation, thus varying the 
salinity of the water also, Whether the increased salinity reduced or altered 
the activity of the bacteria in the water is not known. Such bacteria studies 
were Suiaias the scope of this study. 

As the grasses in the laboratory culture bottles decomposed, 
the products of decomposition caused a change in pH, which might also have 
caused a change in the activity of the bacteria. From Table 8, it can be 


seen that the pH in both groups first decreased to low values (6.1 and 6, 9) 
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by the fourth week, then increased steadily to high values (8.1 and 7.7) 
during the eighth week. 

A statistical analysis of variance (ANOVA) test was applied to 
all the data derived from the various analyses performed during this study. 
The purpose of the ANOVA test was to determine whether the differences be- 
tween the two river stations or the two laboratory cultures were significant, 
and if so, to what level were they significant. ANOVA tests were also applied 
to the differences between the river stations and the laboratory cultures. 
Correlation coefficients were computed for each possible pair of parameters, 
to determine whether they were interrelated and if so, to what degree. If 

_the statistical correlation is not strong, it is frequently easier to detect 
congruencies in patterns by plotting the data on charts or graphs. This 
has been recognized by ecologists, who use graphs extensively, but ne 
use statistical correlations (R. Margalei, 1968), In this study, both charts 
and statistical correlations have been prepared in parallel. 

The ANOVA tests showed that the differences between the river 
station and the laboratory cultures were not significant for the values found 
for total lipids, carbohydrates, total chlorophylls, amino acids and caloric 
content. 

Most of the manatee grass was decomposed during the first four 
weeks, with approximately 7% by weight remaining in the river samples and 
16% in the laboratory cultures. An abundant population of small invertebrates 
was found inside the screened plastic jugs in the river stations. In addition, 


the river stations were subjected to water movements which could wash away 
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small suspended particles and sediments. The iaboeaesed cultures were 
not subjected to such losses, and showed a slightly lower rate of decom- 
position than the river stations as a result. 

Micro-organisms are very important in the formation of the 
natural organic detritus through both aerobic and anaerobic processes 
(Schultz and Quinn, 1973). Bacteria attack the grass substances and 
convert a portion into bacterial protoplasm (Teal, 1962). The role of 
fungi in the degradation of plant material in fresh water was studied by 
Kashick and Hynes (1971), who stated that fungi were more important than 

bacteria in the initial stages of the degradation process. This study showed 
| that the bacteria and fungi not only account for the increases noted for total 
lipids, but also account for the increase in protein concentration, which 
was double the original concentration after ten weeks of decomposition. 

The photosynthesis systems of plants are not limited to one 
- pigment, but usually involve many pigments, so many that the phrase 
‘pigment diversity" is used to characterize the complexity of the photo- 
synthetic system. The amounts of different pigments present at any one 
time are not independent of conditions around the plant. Chlorophyll will 
be abundant during conditions favorable to photosynthesis. On the other 
hand, when conditions are not favorable to growth, carotenoids are more 
resistant to destruction than other pigments and will be relatively more 
abundant. From an ecological point of view, the quality of the pigments 
is as important as the quantity of one of the pigments. In fact, the diversity 


of pigments is an important indicator of the history and activity of the 


ecosystem (R. Margalef, 1968). In this study, only chlorophyll a and b 
were measured, but their value was taken as representative of the total 
chlorophyll present. The concentration of chlorophyll decreased rapidly 
during the first two weeks, to about 55% of the original value, then con- 
tinued to decrease slowly but steadily to the end of the study. It is probable 
that all of the chlorophyll was decomposed during the first four weeks, and 
that the amounts indicated as remaining thereafter were phaeophitins and 
pheophorbides, which are the first stage decomposition products of chloro- 
phyll. It was noted that the grass in the river samples retained their green 
color longer than the laboratory cultures did, which accounts for the higher 
amount of chlorophyll remaining at the end of the first two week period. 

The amino acid concentrations determined in this study showed 
a pattern unique to this substance. The concentration rose sharply during 
the first two weeks to 140% of the initial value, decreased steadily over the 
next four weeks to 32% of initial value, increased to about 60% of initial 
value during the sixth week, then decreased again at the end of the study to 
about 20%. The differences between the various samples appear to be large 
when the data is graphed, but they were not significant by statistical analysis. 

The caloric content of all the samples decreased during the first 
two weeks, then began a steady increase from the second through the sixth 
week. The two river stations continued to show an increase throughout the 
study, but the two laboratory cultures decreased from the sixth week through 


the eighth week, then increased slightly by the tenth week. At the end of the 


study, the river stations had a slightly higher caloric content (120% of initial 


value) than the laboratory cultures (100% and 90%). The higher caloric 
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content is probably the result of greatly increased populations of bacteria, 
fungi and small invertebrates that were feeding on the decomposition prod- 
ucts of the manatee grass. The proteins and lipids manufactured by the 
bacteria and zooplankton have a higher caloric content than do the cellulose 
and lignins of the original plant material. Comparison of Figure 10, caloric 
content, with Figure 5 and 6, averaged values of protein and total lipids 
concentrations, appear to show that the general behavior for all three sub- 
stances was the same, however the statistical correlation of caloric con- 
tent with either protein or lipid content is not strong. 

Correlation coefficients were computed for all pairs of the seven 
parameters. Significance tests of correlation were computed only for data 
from station A. Among the twenty one combinations of parameters, only 
four showed significant correlation. As shown in appendix 1, the highest 
degree of correlation was found between the dry weight remaining and the 
carbohydrate content, which was significant to the 1% level, Next in order 
of significance, at the 5% level, were correlations between dry weight re- 
maining and chlorophyll content; between carbohydrate content and chloro- 
phyll content; and between carbohydrate content and amino acid content. 

The data for these four parameters are plotted in Figure 12 for ease of 
comparison (Station A data only). 

If one is concerned with the total amount left after each time 
period of these seven parameters, from Figure 4A, 5A, 6A, TA, 8A, 9A 
and 10A, these show that most of the total amount of these seven parameters 


were lost during the time between April 2 (second week) and April 16 (fourth 
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week), and then remain essentially constant. After the tirst four weeks, 
au least, 93% of the original total lipid content, 58% ot the original total 
protein content, 98% of the original total carbohydrate, 94% of the original 
total chlorophyll, 78% of the original amino acid content, and 88% of the 
caloric content were lost. Then, after that time, all seven parameters 
just stayed pretty stable. 

But, even the quantities of the seven parameters at its own 
original sample weight were tremendously decreased after the first four 
weeks, the quality of the samples left at each time period were varied and 
showed that the relative concentration of total lipids, protein and caloric 


content were increased over the original value after ten weeks. 


SITE 3-16 4-2 4-16 
GROUP 1 - 7,2 wei 6.9 
‘GROUP 2 7.2 vee 6.1 


TABLE 8. pH Values 
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FIGURE 11. Comparison of the four curves of original organic matter remaining, 
carbohydrate content, total chlorophyll content and amino acid content 
in Station A. 


VI. CONCLUSIONS 


A. Most of the manatee grass, especially the softer parts, 
is decomposed during the first four weeks, as indicated by the loss in dry 
weight, loss of caloric content, loss of carbohydrate and loss of chloro- 
phyll. Heavier cellulose parts, containing more lignin, continued to de- 
compose, but at a very much slower rate with some still remaining after 
ten weeks. And the fastest rate of decomposition happens between the 
second week and fourth (i.e. April 2 to April 16 in 1974). 

B. Two parameters measured, protein content and total lipid 
content, seemed to reflect the growth of large populations of bacteria, 
fungi and micro-invertebrates that were feeding on the plant detritus. 

C. Although there were some variations in decomposition 
rates between the in-situ river stations and the laboratory culture groups, 
these variations were not statistically significant over the span of time of 
this study. It is concluded that laboratory methods can be used in lieu of 


more laborious in-situ studies with some degree of validity. 
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APPENDIX 1. 


Codes: y= original organic matter remaining dry wt. Yo = total lipids igo protein 
v4 carbohydrate Ye= total chlorophyll Yg= amino acid Yo = caloric content 

Tested samples Product-moment Tests of significance for Coefficient of 
correlation coeff, correlation coeff, determination 

(test the null hypothesis 
Hy): P=0) 

¥, 7 Yo -0. 268 true to the null hypothesis 0.15 

¥, 7 Y5 0.38 true to null hypothesis 0.094 

Wao Ne 0.732 true to null hypothesis 0.536 

yy, 7¥4 0.981 reject it at 1% level 0.962 

yy 795 0.915 reject at 5% level , 05837 

yy 7 V7 -0.465 true to null hypothesis 0.216 


ad 


0.486 
0. 38 
0,25 
0.254 


0.22 


-0.293 . 


-0. 420 


-0,523 


0.599 
0. 849 


0,822 


true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
true to null hypothesis 
reject at 5% level 


reject at 5% level 


0.24 

0.1442 
0. 0625 
0. 064 
0.048 
0.086 
0.176 


0.273 


evs -0. 581 


Ys ~Y¢ 0.589 
Ys ~ Yq -0,417 
V6 ~ Yq -0. 827 


APPENDIX 1. Computation of the Product-moment Correlation coefficient and Significance Tests in 


Correlation. 


true to null hypothesis 
true to null hypothesis 
true to null hypothesis 


true to null hypothesis 


0.338 
0.347 
0.174 


0. 684 
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APPENDIX-2 : Two-way ANOVA without replication for " dry 


A) STATION-A to 
site date : 
STATION-A 
STATION-B 
 POTAL 
Source of Variance 
STATIONS 


TIME 
ERROR 
TOTAL 


weight of original organic matter remaining". 
STATION-B: 


3/16 : 4/ 2: 4/16 : 4/30 : 5/13 : 5/26 : TOTAL 
100.00 70.78 6.71 e 33 5.27 2.66 191.75 


100.00 56.98 7.07 6.19 4.99 3.09 178.32 
-200.00 127.76 13.78 12.52 10.26 5.75 370.07 


> df SS MS CPs . 
1 15.03 15.03 0.565 ™S 
5 16938.51 3387.702 127.33 *** 
5 133.03 26.606 


11 17086.57 


B) GROUP-1 to: GROUP~2 : 


cee gama Ae 4/2: 4/16 : 4/30 : 5/13 : 5/26 TOTAL. 


epouE 2 80.98 17.91 16.37 14.53 10.16 239.95 
TOTAL 152.06 33.77 31.14 25.60 20.39 462.96 
Source of Variance: df ss. MS Fs 

GROUPS 1 3.91 23.91 304775 

TIME 5 15290. 73 3058.15 443.21 *** 
ERROR 5 34.4 6.90 

TOTAL . 11 15349.12 | 

C) STATION-A ae GROUP 

sife—date : 4 s : 4 16: 4/30 : 5/13 : 5/26 : TOTAL. 
STATION-A iis 70.78 6.71 . 6.33 5.27 2.66 191.75 
GROUP~ 2 100.00 80.98 17.91 16.37 14.53 10.16 239.95 
TOTAL 200300 151.76 24.62 22.70 19.80 12.82 431.70 
source of Variance: df SI) : MS Fs 

STATION-A  & 

GROUP-2 al 193.60 193.60 220150" 

TIME 5 16824.05: 3364.81 395 .40%** 
ERROR 42.55 8.51 

TOTAL 11 17060.20 
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APPENDIX-3 : Two-way ANOVA without replication for " Total 
lipid content". 


A) STATION-A to STATION-B: 
si date: 5 


STATION-A 100.00 82.07 69.54 33.85 94.10 96.71 476.2 
STATION~B 100.00 90.05 83.66 30.93 76.17 87.42 468.23 


TOTAL 200.00 172.12 153.20 64.78 170.27 184.13 994.45 > . 
Source of Variance: df __SS_.§ MS ss -§__Fe * 
STATIONS — 1 5.39 5.39 0.0878 

TIME 5 5753.84 1150.77 LT.2h** 

ERROR 5 334. 30 66.86 

TOTAL 11 6093.53 


B) GROUP~1 to GROUP-2 : 
site~date: 16: 2.3 16 : 4/30 : 5/13 : 5/26 : TOTAL. 


GROUP-1 100.00 116.62 27.51 29.51 100.83 134.88 509.35 
GROUP=2 100.00 101.43 24.42 26.27 71.45 111.95 435.52 
TOTAL 200.00 218.05 51.93 55.78 172.28 246.83 944.87 
Source of Variance: af SS MS Fs 

GROUPS 1 454.24 454.24 | 621°" 
TIME 5 17581.42 3516.28 48 .O9##* 
ERROR 5 365.61 73.12 

TOTAL 11 18401.27 


C) STATION-A to GROUP-2 : 


site— date: 3/16 3: 4/ 2 : 4/16 : 4/30 : 5/13 : 5/26 : TOTAL. 
STATION—A 100.00 82.07 69.54 33.85 94.10 96.71 476.27 


GROUP~2 100300 101.43 24.42 26.27 71.45 111.95 435.52 
TOTAL 200.00 183.50 93.96 60.12 165.55 208.66 911.79 
Source of Variance: df 3s MS Fa 
STATION—-A & ae 
GROUP-2 1 138. 38 138.38 0.47 

TIME 5 9250.39 1850.08 6.30* 
ERROR 5 1468.29 239.66 


TOTAL 11 10857 .06 
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APPENDIX—4: Two-way ANOVA without replication for " Protein 
content™. 


A) STATION-A to STATION-B: 
site —~ date: 3/16 : 4/ 2: 4/16 : 4/30 : 5/13 : 5/26 : TOTAL. 


STATION-A 100.00 99.37 92.47 87.03 112.34 200.63 691.84 
STATION-B 100.00 75.73 67.36 57.53 73.85 223.85 598.32 
TOTAL 200.00 175.10 159.83 144.56 186.19 424.48 1290.16 
Source of Variance: df ss MS Fs: . 
STATIONS 1 728.83 728.83 0.11176 
TIME 5 27267 .21 5453-44 0.83275 
ERROR 5 1312.30 6556.50 

TOTAL 11 2907.34 


B)gROUP-1 to GROUP-2: 
site—~date: 3/16 : 4/ 2: 4/16 : 4/30 : 5/13 : 5/26 : TOTAL. 


GROUP-1 100.00 171.34 178.24 164.64 150.84 298.33 1063.39 
GROUP~2 100.00 234.10 237.24 232.43 209.00 217.36 1230.13 
TOTAL 200.00 405.44 415.48 397.07 359.84 515.69 2293.52 
Source of Variance: df SS. MS Fs 
GROUPS 1 2316.84 2316.84 1.32675 
TIME 5 26692.57 133462.85 716. 366% 
ERROR 5 8738.41 1747.68 

TOTAL 11 37747 .82 


C)smanION-A to GROUP-2: 
site ate: 3/16 : 4/ 2: 4/16 : 4/30 : 5/13 : 5/26 : TOTAL, 


STATION-A 100.00 99.37 92.47 87.03 112..34 200.63 691.84. 
GROUP-2 100.00 234.10 237.24 232.43 209.00 217.36 1230.13 
TOTAL 200.00 333.47 329.71 319.46 321.34 417.99 1921.97 
Source of Variance: df SS ; MS Fa 
STATION-A & Sa en Ome ee Ree Tay 
GROUP-2 1 24146.34 24146. 34 17.778** 
TIKE 5 12139.61 2427.92 1.78875 
ERROR 5 6791.04 1358.21 


TOTAL 11 43076.99 


50 


APPENDIX-5: Two~wey ANOVA without replication for " 
Carbohydrate content ", 


A) STATION-A to STATION-B: 


sité ate: 16; 2: 16: Os ee 26 3: TOTAL. 
STATION-—B 100.00 68.65 30.24 8.24 6.48 7.73 221.34 
TOTAL 200.00 162.69 47.02 13.69 13.32 16.49 453.21 
source of Variance: df ss MS Fs 
STATIONS 1 9.24 9.24 0.11378 
TIME 5 17541.23 3508.25 42.973 4#* 
ERROR 5 408.16 81.63 

TOTAL LL. 17958 .63 

B) GROUP-1 to GROUP~2: 

site ate: 3 : $ 3 
GROUP-1 100.00 83.81 11.04 3.61 8.90 9.49 216.85 
GROUP~2 100.00 98.53 8.17 3.31 5.67 8.46 224.14 
TOTAL 200.00 182.34 19.21 6.92 14.57 17.95 440.99 
Source of Variance: df _._ SS MS Fs 

GROUPS 1 AL 42 4.42 0.19475 
TIME 5 20893.62 4178.72 183.551 *## 
ERROR 5 113.83 2.766 

TOTAL 11 21011.87 


C)smaTION-A to GROUP=2: 
sit@—~— date: 3/16 : 4/7 2 : 4/16 : 4/730 : 13 3: 26 : TOTAL, 


STATION—A 100.00 94.04 16.78 5.45 6.84 8.76 231.87 
TOTAL 200.00 192.57 24.97 8.76 12.51 17.22 456.01 
Source of Variance: df 85 MS Fs 
STATION-A & ave 
TIME 5 21788.98 4357.80 434.48%** 
ERROR 5 50.17 10.63 


TOTAL LL 21839.15 
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APPENDIX-6: Two-way ANOVA without revlicetion for " Total 
Chlorophyll Content ™. 


A) STATION-A to STATION-B: 


site— date: 3/16 : 4/ 2: 4/16 : 4/30 : 5/13 : 5/26 : TOTAL. 


STATION~A 100.00 55.16 45.37 37.70 26.86 24.94 290.03 
STATION—B 100.00 55.92 44.70 31.80 27.15 25.56 285.13 
TOTAL, 200.00 111.08 90.07 69.50 54.01 50.50 575.16. 
Source of Variance: af ss MS _Fs__ 
STATIONS 1 2.00 2.00 0.6197" =. 
TIME 5 7807.06 1561.41 483.4090*** 
ERROR 5 16.15 3.23 

TOTAL 11 7825.21 


B) GROUP-1 to GROUP~2: 


sité——~date: 3/16 : 4/ 2 : 4/16 : 4/30 : 5/13 : 5/26 : TOTAL; 
34.25 32.61 24.70 261.25 © 


GROUP-1 100.00 35.01 34.68 
GROUP-2 100.00 40.48 32.04 30.22 24.13 23,45 250,32 . 
TOTAL 200.00 75.849 66.72 64.47 56.74 48.15 511.57 
Source of Variance: df ss. tit. MS Ps 

a ae 
GROUPS 1 9.95 9.95 0.933 
TIME 5 8113.61 1622.72 152.111#** 
ERROR 5 53-34 ° 
TOTAL 11 8176.90 


C) STATION-A to GROUP-2: 
site ate: 16 : 2: 16 : 4/30 3: 13: 26 3: TOTAL. 


STATION-A 100.00 55.16 45.37 37.70 26.86 24.94 290.03 
GROUP-2 100.00 40.48 32.04 320.22 24.13 23.45 250.32 
TOTAL 200.00 95.64 77.41 67.92 50.99 48.39 540.35 
Source of Variance :df SS MS Fs , 
STATION-A & 

GROUP~2 1 131.41 131.41 0.04175 
PIME 5 8015.50 1603.10 0.495378. 
ERROR 5 16184.60 3236.92 
TOTAL 11 24331.51 


APPENDIX- 7: Two-way ANOVA without replication for “" Amino 
Acid concentration ". 


A) STATION-A to STATION-B: 
siteé—~ date: : : 4/16 ; 


STATION—A 100.00 142.53 87.56 32.13 63.44 21.95 446.61 
STATION-B 100.00 145.25 117.87 26.70 80.77 54.53 525.12 


TOTAL 200.00 287.78 205.43 58.83 143.21 76.48 971.73 
Source of Variance: df ss MS Fs 
STATIONS 1 513.65 513.65 3.8757° 
TIME 5 18730.77 3746.15  28.258%* 
ERROR 5 662.85 132.57 

TOTAL 71 19907 .27 


B) GROUP-1 to GROUP~2: 
siteé— date: 3 16: 4/23 


GROUP-1 100.00 92.76 124.21 24.21 34.39 9.50 385.07 

GROUP-2 100.00 128.05 125.34 26.47 20.59 10.18 410.63 

TOTAL 200.00 220.81 249.55 50.68 54.98 19.68 795.70 

Source of Variance: df 55 MS Fe 
GROUPS 1 54.44 54.44 0.40g75 

TIME 5 25743.87 5148.77 38.603*** 
ERROR 5 666.89 133.378 

TOTAL 11 26465.20 


C) STATION-A to GROUP~2: 


site—~ date: 3/16 : 4/7 2 : 4/16 : 4/30 : 13 3: 26 3: TOTAL. 
STATION—A 100.00 142.53 87.56 32.13 62.44 21.95 446.61 


GROUP—2 100.00 128.05 125.34 26.47 20.59 20.18 410.63 
TOTAL 200.00 270.58 212.90 58.60 83.03 32.13 857.24 
Source of Variance: af ss: MS Fs 
STATION-A & "a 
TIME 5 23711.75 pleeg 13.325** 
ERROR 5 1779.48 355.896 


TOTAL 1l 25491.23 


APPENDIX~ 8: Two-way ANOVA without replication for " Caloric 
Content ", 


A) STATION-A to STATION-B: 
site date: 3/16 : 4/ 2 : 4/16 : 4/30 : 5/13 : 5/26 : TOTAL. 


STATION-A 100.00 76.05 85.35 103.95 117.91 119.53 602.79 
STATION~B 100.00 70.00 80.00 90.70 109.30 119.07 569.07 


TOTAL 200.00 146.05 165.35 194.65 227.21 238.60 1171.86 
Source of Variance: df 35 iS Fs 
STATIONS 1 94.76 94.76 7.54578 
TIME 5 3119.11 623.82 49 .667*** 
ERROR 5 62.80 12.56 

TOTAL 11 3276.67 


B) GROUP-1 to GROUP-2: 
site date: 3/16 : 4/ 2 : 4/16 : 4/30 : 5/13 : 5/26 : TOTAL, 


GROUP—2 100.00 64.42 76.98 107.44 79.07 90.23 518.14 
TOTAL 200.00 118.84 156.98 203.49 170.90 188.84 1038.85 
Source of Variance: df ss | MS Fs 
GROUPS 1 0.55 0.55 0.01278 
TIME 5 2552.335 510.47 10.961* 
ERROR 5 232.86 46.57 

TOTAL 11 2785.75 


C) SPTATION-A to GROUP-2: 


site date: 3/16 : 4/ 2 : 4/16 : 4/30 : 5/13 : 5/26 : TOTAL. 


STATION-A 100.00 76.05 85.35 103.95 117.91 119.53 602.79 
GROUP2 100.00 64.42 76.98 107.44 79.07 90.23 518.14 
TOTAL 200.00 140.47 162.33 211.33 196.98 209.76 1120.93 ; 


arjance: df. pana >= taanee a | eae? 5 Saeneceen 
STATION-A & 


GROUP-2 1 597.13 597.13 4.29505 
TIME 5 2077.48 415.50 2.989 
ERROR 5 695.13 139.03 


TOTAL ll 3369.74 
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ABSTRACT 


Growth of the sea grass, Cymodocea manatorum, was 
studied in the Indian River, Brevard County, Florida, wire 
the thermal effects of the effluent cooling water of a utili- 
ties plant were a factor. Chemical and physical parameters of 
the water and substrate were measured, along with growth, 
between February and May, 1975. A parallel study was carried 
out in a control site, where artificial thermal effects were 
absent. 

Growth of the sea grass was observed to increase with 
temperature up to 29°C in all areas. At this temperature, 

a brown alga bloom occurred. The smothering effects of this 
alga caused a decrease in the growth of the sea grass. It 

was also observed that the sea grass, which was not covered 
with alga, continued to show an increase in growth with 
temperature, up to the maximum temperature reached during the 
study, of 34.1°C. From the data collected during the investi- 
gation and other factors affected by increasing temperatures, 
it was concluded that the net annual effect of increasing 
temperatures on manatee grass in the area of the power plant 
jetty was to reduce the net productivity of the grass. 

The harvesting of the grass was accomplished by 
digging with a shovel, a measured area, at each site. By 
this method, both leaves and sub-substrate growth were 
measured, without hindering the leaf production for future 


growth and measurement. 
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I. INTRODUCTION 


Along much of the souseiine bordering temperate and 
tropical seas extend vast marine seagrass beds. These beds 
have long been recognized for their importance as nursery 
and breeding grounds for many species of fish and inverte- 
brates, including some of the most important commercial 
species (Hoese, 1960; Wood, 1959). In spite of this, 
little work has been done on the basic ecology of the beds. 

The Florida coastline extends over 3,000 miles, 
and includes warm-temperature, sub-tropical zones. Portions 
of the Florida peninsula are bordered by barrier islands, 
offshore keys and a wide shallow sandy continental shelf. 
The barrier islands shelter the waters of the near-shore 
shallows from the affects of the Florida Current, creating 
warm quiet saline lagoons, which are favorable habitats 
for submerged plants and extensive diverse populations of 
vertebrates and invertebrates. 

Numerous authors have recorded animals feeding on 
the live grass. Randall (1965, 1967) stated the most 
important fishes feeding on sea grasses are members of the 
Scaridae, Sparidae, Monocanthidas, and several surgeon~ 
fishes (Acanthuridae) of the genus Acanthurus. Biotic 
processes, accomplished primarily by bacteria and fungi, 
decompose plant materials into their component nutrients, 


feeding the bacteria and fungi and releasing other nutrient 


materials into the surrounding waters where they become the 
primary food source for other marine animals (Phillips, 
1960). Because of the food supply made available by de- 
composition, seagrass beds are nurseries and feeding grounds. 
for young fish and shrimp, as well as for countless popu- 
lations of small marine animals such as the Polychaeta, Holo- 
thuria, Amphipoda, and Mollusca. The nutrients released 
into the water by decaying seagrass support a large plankton 
population, which in turn supports an abundance of larger 
animals, and so on up the food chain. If the food producer 
is eliminated, the absence affects organisms progressively 
up the pyramid until the pinnacle, man in this instance, is 
reached (Phillips, 1960). 

A problem in the evaluation of the effects of 
grazing on seagrasses arises in that many animals graze on 
the epiphytic algae and leave the grass untouched. Some of 
these animals will occasionally eat the grass also, but the 
extent of this ingestion is unknown. This problem is further 
complicated because little is known about the ability of 
these animals to assimilate the fresh seagrass. Still, 
despite some grazing by animals, the majority of the blades 
remain untouched until they die or are torn from the plant 
by the movement of the water (Zieman, 1968). These loose 
leaves eventually decay and are thereby converted into 


detritus. 


The four most common and important of the Florida 
seagrasses, as determined by Phillips (1960), are Thalassia 


testudinum Konig, Cymodocea manatorum Aschers (or Syringodium 


filiforme Kutz), Diplanthera wrightii Aschers (or Halodule 


wrightii Aschers), end Ruppia maritima L. Cymodocea 
Manatorym is the dominant species in the study area. 


Cymodocea manatorum has characteristically rather 
robust rhizomes, with two to four slightly branched or un- 
branched roots and short erect stem bearing two to three 
leaves at each node (figure 1). Internodes are one to five 
centimeters. Leaf sheaths are wide and two and a half to 
six centimeters long. Leaf blades are 10 to 30 senniuetena: 

long, one half to two millimeters wide and narrowed at the 
base (den Hartog, 1970). In areas of high salinity 
Cymodocea is usually seen interspersed with Thalassia 
testudinum, Cymodocea occurs in polyhaline and euryhaline 
coastal waters. It is completely restricted to the sub- 
littoral belt, as its stiff, brittle leaves cannot resist 
desiccation. Cymodocea manatorum forms closed vegetation 
from mean low water springs down to at least six meters in 
depth. Feldmann (1936) reported growth of this grass at a 
depth of 25 meters. The depth to which the closed Cymodocea 
beds descend is largely dependent on the clarity of the 
water, In Florida, the lagoonal Cymodocea beds obtain their 
greatest density at a depth between two thirds and one and 


one half meters (Phillips, 1960). This species shows no 


es pA 


Figure 1. Cymodocea manatorum (Manatee grass) (Phillips, 1960) 


preference for a particular substrate, as it is found in 
substrates of soft black mud to hard-packed sand. The 
growth is most luxuriant on the soft and mixed bottoms, 

It is of importance to determine the effects of 
temperature increases on the growth of manatee grass 
(Cymodocea manatorum) because of the growing number of 
electric power stations that are adding heat to estuaries. 
It has been estimated that the demand for power station 
cooling water is doubling every ten years and by the year 
1980 about 32 per cent of all existing power stations will 
be located adjacent to estuaries (Picton, 1960). 

Thermal effects on the growth of Cymodocea manatorum 
will be investigated in this study in an attempt to estabe- 
lish a relationship between increased water temperatures 


and grass growth. 


Il. STATEMENT AND AREA OF INVESTIGATION 


The purpose of this thesis is to study how the 
growth of manatee grass is affected by increasing water 
temperature. According to Phillips (1960), the possible 
adverse effects of very warm water on leaves of manatee 
grass are unknown. 

Chemical and physical parameters, such as tempera~ 
ture, dissolved oxygen, pH, nutrients, turbidity, salinity, 
soil analysis, as well as growth of the grass were measured 
in two areas, with one area serving as a control. Except 
for temperature, these measurements were taken monthly, 
for four months, between February 8, 1975 and May 31, 1975. 
Temperature was recorded on a daily basis. 

The area selected for primary sampling was the area 
just southeast of the effluent canal of the Orlando Utilities 
Commission Plant on the Indian River in Titusville, Florida 
(figure 2). It is located at 28°9'10" north latitude and 
80°l.6'30" west longitude. This particular site was selected 
because manatee grass beds are abundant within this area and 
the water temperature ranges above aie average temperature 
of the lagoon due to ie utility plant's coolant water dis- 
charge. Manatee grass, which grows primarily along the shal- 
low portions of the Indian River, is found abundantly adjacent 
to the jetty located just southeast of the utility plant's 


discharge canal. Five sample sites were selected along the 
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Figure 2. Total Investigation Area Showing Jetty 


and Control Sites 


north side of the jetty from the western to the eastern end 
approximately 15 meters apart (figure 3). The mean water 
depth in the area of sampling during the period of sampling, 
February to May, 1975, was 27.5 centimeters. 

The area selected as the control site was an area 
on the northwest side of the NASA Causeway (Route 1,05), 
three miles north of the jetty (figure 2). It is located 
at 28°31'hO" north latitude and 80°6'20" west longitude. 
This area was selected because of the abundant manatee grass 
beds found and the absence of artificially heated water 
affecting the grass. Sampling was carried out at this site 
to measure the growth of Cymodocea in the natural temperatures 
of the water. Three sample sites were selected in this area 
approximately 12 meters apart. Their mean water depth was 
28 centimeters. 

Both sites are protected from violent water move- 
ment or disturbance by surrounding small islands and land 
masses. Existing water movement is wind-driven in character 
and of an insignificant amount, as shown by dye testing. 
There was no measurable tidal component. 

Because of the somewhat "heated" water that flows 
through the canal at the utility plant, it was hoped to 
obtain an optimum temperature range where growth of this 
grass reaches its maximum in this area. If the nutrients and 
other measured parameters are changed little by the power 


plant operation, as compared to the control site, but an 
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Figure 3, Five Sample Sites Along the Jetty . 


10 


increase in temperature is shown, then the effect of a temper~ 
ature increase on the growth of the grass may be defined. 

The data derived from the measurements of the para~ 
meters at each site are examined statistically for correlation 


and comparability between the two sampling areas. 


Sample Date 


Fed. 8 
Mar. 8 
April 5 
May 3 
May 31 


Table 1. 


Jetty 
27.5 
27.5 
27.5 
27.5 
27.5 


Control 


28 
28 
28 
28 
28 


Average Depth - centimeters 


11 
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III. METHODS AND MATERIALS 


A. Harvesting and Weighing 


Grass was harvested at each sample site using a 
shovel to collect a sample of 26 centimeters by 22 centimeters. 
This method allows the harvesting and measurement of subsurface 
crowth as well as leaf growth and eliminates the problem of 
fluctuating sediment depth. This method of harvest is more 
efficient than blade clipping because, as shown in Phillips' 
(1960) paper, blade clipping for growth measurements inhibits 
the growth in leaf reproduction, | 

The harvesting method employed during this investi- 
gation allows for comparison of dry weight of the total plants 
from uniform frass beds on each sampling date. This compari- 
son shows the amount of grass growth which has taken place 
between respective sampling dates. 

Samples were washed of all soil, algae and epiphytes, 
and their wet weights were recorded prior to being dried ‘in. 
an oven at 105°C. The ary weight per square meter was then 
recorded. The time from harvesting to drying was kept to 
three to four hours, so little or no weight would be lost 
due to decomposition and chemical change. 

Weighing was carried out to thousandths of a gram 
but rounded off to tenths of a gram in the final tabulations. 


The average weight calculated from the weights measured at 
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each site was recorded for the jetty site and the control site. 
B. Temperature 


Temperatures at the jetty site were recorded on a 
continuous basis by the Orlando Utilities Commission at the 
point where the effluent canal discharges into the river. 
This temperature was also measured along the jetty and was 
consistently the same. The temperature data received from 
the Commission were on a daily maximum-minimum basis, from 
which average daily temperatures and average monthly tempere- 
atures were calculated. 

Temperatures at the control site were measured with 
a stem thermometer, in situ, on each sampling date. The 
average temperature between each sampling date was assumed 
to be the average temperature of the two consecutive dates 


measured. 


C. Dissolved Oxygen 


Dissolved oxygen was measured for each sample site 
on each sampling date. Water samples were taken in sunlight, 
about three hours after sunrise, on respective sampling dates. 
Dissolved oxygen was measured in the lab within two hours of 
the sampling. The samples were shielded from sunlight to 
minimize any change in the actual dissolved oxygen that was 
present at the sample sites. Measurement was in accordance 


with the modified Winkler titration, as described in 


Standard Methods For Water and Wastewater Analysis, 13th 


1 


Edition. 
Dissolved oxygen was measured in parts per million 
(ppm). The average dissolved oxygen was calculated for the 
jetty site and the control site for each sampling date. 
Measurement of dissolved oxygen was taken primarily 
to establish the similarity of conditions, except for 


temperature, at the jetty and control sites. 


D. pH 


pH was measured for each sample site on each sampling 
date. pH was measured in the lab using a glass electrode 
and a standard buffer solution of 7.0. The average pH was 
calculated for the jetty site and the control site for each 
sampling date. pH measurement was taken primarily to 
establish the similarity of conditions, except for temperature, 


at the jetty and control sites. 


E. Nutrients 


- Orthophosphate and nitrate nitrogen of the water 
were measured far each sample site on each sampling date. 
These nutrients were measured in the lab using Hach chemicals 
and the Spectrometer 20. For orthophosphates, the Phos 
Ver III method was used. This method is a modification of 
Murphy and Riley (1962) as given in Analytical Chimica 
Acta (1962). For nitrate nitrogen, the Nitra Ver IV, Cadmium 
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reduction method was employed, using no dilution as 

referred to in Standard Methods. Nitrite nitrogen was not 
detectable. Both the orthophosphate and nitrate nitrogen were 
measured in parts per million (ppm). The average for each 

of these nutrients was calculated for the jetty site and the 
control site for each sampling date. These measurements were 
taken primarily to establish the similarity of conditions at 


the jetty and control sites. 


F. Turbidity 


Turbidity was measured for each sample site on each 
sampling date. Turbidity was measured in the lab using the 
Spectrometer 20 and following the Formazin Standard method, 
as referred to in Standard Methods. Turbidity was measured 
in Jackson units. The average turbidity was calculated for 
the jetty site and the control site for each sampling date. 
Turbidity, along with depth, plays a part in determining 
both the quality and quantity of available light needed for 
photosynthesis. This measurement was taken primarily to 
establish the similarity of conditions at the jetty and control 


sites. 


G. Salinity 


Salinity was measured at each sample site on each 


sampling date. Salinity was measured with an optical 
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salinometer. The optical salinometer has been found 
accurate to plus or minus one part per thousand, (So) » 

in daily use (Lasater and Carey, 1974). This accuracy is 
quite adequate for brackish water such as we are dealing 
with, with a salinity of approximately 23 %o. It has been 
found that the sea grass Zostera marina shows a high toler- 
ance to different salinity and temperature (Biebl, 1971). 
The average salinity was calculated for the jetty site and 
the control site for each sampling date. This measurement 
was taken primarily to establish the closeness in the condi- 
tions of the jetty site and the control site. 


H, Sieve Analysis 


A grain size sieve analysis was done on 800.0 grams 
of soil from both the jetty and the control sites on May 20, 
1975. This grain size analysis was used in an attempt to 
determine the relative proportions of the different grain 
sizes which make up the given soil mass. A sieve analysis 
consists of shaking a soil sample through a stack of wire 
screens with openings of known size. The particle diameter 
is defined as the dimension of the size of the screen hole 
upon which the particle is retained. The apparatus needed 
were a set of sieves (numbers 20, 0, 60, 80, 100 and 200), 
a sieve shaker, brush, balance, and drying oven. This 


analysis was done primarily to establish the closeness in 


the substrate conditions of the jetty site and the 


ecntrol site, 


lf 
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TV. RESULTS 


A. Effects of Temperature on Growth 


At the bexinning of this investiration, the tempera- 
ture of the water at the jetty site was 10°C warmer than th> 
water temperature measured at the control site. The average 
weight of the grass samples harvested was approximately 
35 per cent heavier at the jetty site. By March 8, 1975, 
the second sampling date, the average temperature at the 
control was 19°C and the average temperature at the jetty site 
wes 26.5°C, a difterence of Tee Gy The weight of grass 
harvested increased at both sites, but showed a considerably 
greater increase at the control site, where the temperature 
increase was also grester ‘tubles 2 and 3). By April 5, 
1975, the third sampling date, the average temperature at the 
jetty continued to increase, but the average temperature 
measured at the control site showed a decrease of 3°C. This 
temperature decrease to 16°C apparently caused a decrease in 
the growth cf the grass at the control site. The growth at 
the jetty site was highest during this period, where the 
average temperature was 28.',°C (tables 2 and 3 and figures 
. and Wu). By May 5, i975, the fourtn sampling date, the 
average at the jetty site continued to increase steadily to 

oface, but the average temperature at the control increased 
by ll degrees, to S766, by far the largest increase shown 


between any sampling dates. At the control Site, the harvest 


Sampling Date Jetty 


Control 


Feb. 8 24 14 

Mar. 8 26.5 19 

April 5 28.4 16 

May 3 30.3 27 

May 31 34.1 29 
a 

Table 2. Average Temperature -°C 
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Sampling Date getty Control 
A B A. B 
Feb. 8 96.9 == 61.4 --- 
Mar. 8 133-9 +38.3 157.3 4156.3 
April 5 29.3 +86.1 188.8 + 20.0 
May 3 215.0% -1h).0% 381.1 +101.8 
May 31 176.1% -18. 1 367.1% = 347 


* algal growth present 


Table 3. Ae Average dry weight of Cymodocea harvest - 
gm/m 


B. Per cent growth since previous harvest 
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of grass showed its highest increase in growth, showing a2 
101.8 per cent increase in growth since the previous harvest 
(figure 5). The growth at the jetty site, although an 
increase in temperature was recorded, decreased 1.0 per cent. 

A reddish-brown algae growth was seen covering much 
Yer tne grass beds at all sample sites at the jetty on the 
fourth sampling date. This alga was identified as Hypnea 
cervicornis of the family Hypneaceae (Taylor, 1972). Hypnea 
are bushy with lateral, terete branches. These plants are 
small to moderate in size and form tangled tufts and extensive, 
rather fragile, reddish or bleached mats. The chief axes grow 
° to 15 centimeters long. Hypnea cervicornis is common to 
quite shallow water and occurs redder and more compact in | 
relatively exposed places. Hypnea has been found in Bermuda, 
Florida, Texas, Mexico, Cuba, Cayman Islands, St. Barthelemy, 
Guadeloupe, Martinique, British Honduras, Panama, Columbia, 
Netherlands Antilles, Venezuela, and Brazil (Taylor, 1972). 

By May 31, the fifth and last sampling date, the 
average temperature increased to 34.1°C at the jetty site and 
29.0°C at the control site. The alga growth continued to increase 
and the grass growth continued to decrease by 18.1 per cent at 
the jetty site. The same alga, Hypnea cervicornis was, for the 
first time, seen growing on the grass at the control site. 

As a result, although an increase in temperature was recorded, 
the growth of the grass decreased 3.7 per cent (figures 4 and on 
tables 2 and 3). 


2h 


Throughout the sampling, no flowering or fruiting of 
the Cymodocea occurred at either site. It has been suspected 
that a decline in the number of new blades is a result of 
the transfer into flower and fruit production of the energy 
normally used to produce new blades (Zieman, 1968). This 


was not the case during this investigation. 


Be Dissolved Oxygen 


Dissolved oxygen was measured to parts per million 
(ppm). From February 8 to April 5, the first three samplings, 
the dissolved oxygen content at the jetty sites and the control 
sites remained close to each other and at a constant per 
cent supersation level of 8.0 to 9.2 parts per million 
(figure 6 and table 4). The normal saturation level for water 
of salinity and temperature encountered during this investi- 
gation is approximately five to six parts per million. On 
May 3% and May 31, the measured dissolved oxygen was below 
the saturation level, at approximately ).3 ppm. This is 
assumed to be due to the introduction of the reddish-brown 
alga present and the increased temperature. This alga, 
while producing a small amount of oxygen itself, shields the 
sunlight from the grasses, resulting in a net decrease in 
photosynthetic oxygen production, The dissolved oxygen content 
decreased, although to a lesser degree, at the control site 
as well. Here on May 3 the average dissolved oxygen content 


was 5.9 ppm, still, above the saturation-level. On May 31 


Sampling Date 
Feb. 8 
Mar. 8 
April 5 
May 3 
May 31 


Table 4. Average Dissolved Oxygen - ppm 


Jetty 
8.10 


8.10 
8.92 
4.38 
4.30 


Control 


8.50 
8.00 
9.20 
5.90 
5.60 
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the average dissolved oxygen level showed a continued decrease 
to 5.6 ppm This smaller decrease in dissolved oxygen seen 
at the control site, as compared to that at the jetty site, 
seems to be due to the cooler water and thus the later intro- 


duction of the algae growing in this area, 


Ce. pH 


The mean values for pH were 9.6 in February, 8.8 
in Mareh, 8.9 in April, 7.2 in May at the jetty site. The 
values for pH at the control site were within two tenths of 
those measured at the jetty site at each date (figure 7 and 
table S). 
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Sampling Date Jetty Control 
Feb. 8 8.0 8.0 
Mar. 8 9.6 9.5 
April 5 8.8 8.8 
May 3 8.9 9.1 
May 31 7.2 7.2 


Table 5. Average pH 
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Figure 7. Monthly Changes in pH 
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30 
D. Nutrients 


The mean values of orthophosphate concentration at 
the jetty site ene 0.12 ppm in February, 0.06 ppm in 
March, 0.09 ppm in April, and 0.11 ppm in May. The values 
of orthophosphate at the control sites were within one one 
hundredth of a part per million of those measured at the 
jetty site on the respective dates (figure 8 and table 6). 

On the sampling dates of February 8 and March 8, 
nitrate nitrogen was not detectable at the jetty site or 
the control site. In the month of March, the mean value of 
nitrate nitrogen was 0.07 ppm at the jetty site and 0.10 
at the control site. The mean values for April were 0.06 
and 0.0) ppm at the jetty and control sites respectively, 
and for May, 0.09 and 0.10 ppm (figure 9 and table 7). 
These nutrient concentrations, combined with favorable dis- 
solved oxygen levels and increasing temperatures and sun- 
light, are conditions suitable for the growth of those algae 
which have the ability to fix nitrogen as they require it 
(Lasater and Carey, 197). 


E. Turbidity 


The turbidity of the water at the sample sites was 
exceptionally low throughout the investigation. The range 
at the jetty sites was from 20.8 to 34 Jackson Units. The 


mean values at the control site were within 4.8 Jackson 


ee a a ca ee se a er - det catalan Ba tart = 


Sampling te 


Feb. 8 
Mar. 8 
April 5 
May 3 
May 31 


Table 6. 


Jetty 
0.10. 
0.12 
0.06 
0.09 


0.11 


Average Phosphate - ppm 


Control 


0.12 
0.12 
0.06 
0.10 
0,12 
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Figure 8. Monthly Changes in Phosphate 


Sampling Date Jetty Control. 


Feb. 8 # * 
Mar. 8 * me 
April 5 0.07 0.10: 
May 3 0.06 0.04 
May 31 0,09 0.10 | 


* not detectable 


Table 7. Average Nitrate Nitrogen - ppm 
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Figure 9. Monthly Changes in Nitrate Nitrogen 
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Units of those measured at the jetty site on respective 
sampling dates (table 8 and figure 10), Because of the 
clarity and the shallow depth of the water, sufficient 
light penetration was possible for the normal photosynthesis 


of the grass. 


F, Salinity 


The range of salinity was quite narrow throughout 
the investigation at both the jetty and control sites. 
The range at the jetty sites was from 22.0 to 24.6 hoe 
The means at the control site were within 1.6 %eof those 
at the jetty site on respective sampling dates (figure 11 
and table 9). 


G. Sieve Analysis 


For each soil sample, per cent finer by weight was 
ultimately calculated (tables 10 and 11). The percentage 
finer than any sieve size is equal to 100 per cent minus 
the cumulative percentage retained. These values were then 
plotted on a per cent finer by weight versus grain size 
(U.S. standard sieve size) graph, where curve A represented 
the soil at the control site and curve B represented the soil 
at the jetty site (figure 12). From this graph, the uniformity 
coefficient is an indication of the spread (or range) of grain 


sizes, The mean diameters, median diameters and effective 


Sampling Date Jetty Control 


Feb. 8 34 30 
Mar. 8 20.8 20 . 
April 5 20.8 16 
May 3 25. 26 
May 31 27 28 


Table 8. Average Turbidity - Jackson Units 
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Sampling Date Jetty Control 
Fed. 8 22.0 22.0 
Mar. 8 : 23.4 , 25.0 
April 5 24.6 25.0 
May 3 24.3 24.0 


May 31 23.5 24.0 


fable 9. Average Salinity - %. 
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Figure 11. Monthly Changea in Salinity 


39 
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SIEVE ANALYSIS 


SOIL SAMPLE SOIL SAMPLE WEIGHT § TEST NO. 
a ——_ 
VISUAL CLASSIFICATION___—~ CONTAINER NO. pare May 20, 1975. | 
AND DESCRIPTION == WT. CONTAINER + 


LOCATION Orlando Util, Comm, Plant Jetty ORY SOIL IN g_847,0 TESTED BY2J._Salituri | 
BORING NO.--—-- SAMPLE DEPTH 2/22 cm we CONTAINE 
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Table 11. 


Control Site. 


diameters were also extracted from this graph (table 12). 

The difference in the uniformity coefficient. between the soil 
at the jetty site and the control site is 0.256. This differ~ 
ence is quite insignificant, as can be seen from the graph 

in figure 12. The difference in the mean diameters is 

0.0075 millimeters. The difference in the median diameters 

is 0.005 millimeters and the effective diameters 0.009 
millimeters. Looking at the curves, A and B, in figure l2, 
the extreme similarity between the soils of the two sample 


sites can be readily seen. 


HK. Statistical Analysis 


A statistical analysis was applied to the chemical 
and physical parameters measured at all of the sample sites. 
For this analysis, the t-test was used to determine whether 
the differences between the average values of the parameters 
measured at the jetty site and the average values of the 
parameters measured at the control site were significant. 

A minimum level of significance of five per cent was 
established to be appropriate with four degrees of freedom, 
The corresponding value of tyfor this level of significance 
and degree of freedom is 2.776 (Mendenhall, 1971). A value 
of t was calculated using the data collected for all the 
parameters measured and the average values at the jetty site 
were compared to those at, the control site (table 13). It 


is the hypothesis that if the value or the calculated t is 


0. Oo! 


Pees GEEAINS GHEY GONE PCE SE RS (A TEED CO CRTC TEE ee es EN DES TEES 


ot 
as “ ee ee ee er ee ee ee 
ee: [e) GF > (Gen A 8 OS ee OS Oe oe <—v 
w 
wo 
Bo 
ae 
[4 
q 
2 
wv 
no 
nz 
a 
= 


° 

°o 
See eee RRR eRe, 
© ° Q 9° o oO o ° °o ° ° 
Oo n & Ld o nm v ” Nw = 


4HOlIAaM AG WANs LNIDZUGd 


GRAIN Site IN MILLIMETERS 


> 
< 
] 
o 
4 
° 
- 
= 
w“ 


GRAVEL 


COSOLES 


SYSTEM 


UNIFIED SOIL CLASSIFICATION 


43 


RENLRKS 


A - Control Site 


|B - Jetty Site Pee 


MATERIAL SOURCE 


Figure 12. Sieve Analysis For Jetty and Control Site Soil 
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Jetty Site Control Site 

Uniformity 
Coefficient 2.353 2.097 
Mean diameter 0.1975 mm. 0.205 mm 
Median diameter 

D 0.18 mm 0.175 mm 

50 

Effective diameter 

Dio 0.085 mm 0.094 mm 


Table 12. Sieve Analysis - Jetty Site 
- Control Site 
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greater than -2.776 and less than +2.776, then the value of 
the parameter at the jetty site does not deviate significantly 
from the value of the parameter at the control site. It can 
be concluded from the data shown in table 13, that all of 

the parameters measured are well within the limits of 
tolerance and can be assumed to be equal at the control site 
and the jetty site. We can, therefore, say that the para- 
meters measured did not cause a difference between the growth 


of the manatee grass at the jetty site and the control site, 
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Jetty Control Calculated 

Parameter (Average Value) Y A, 8 t_ value 
Turbidity 25.52 24 5.453 0.0623 
Nitrate Nitrogen 0.0456 0.048 0.0430 0.125 
Phosphate 0.0992 0.105 0.0244 0.532 
Dissolved Oxygen 6.76 7.44 2.2345 0.681 
pH 8.516 8.52 0.9117 0.01 
Depth 27.5. 28 oO 
salinity 23.55 24 1.002 1.004 

s: | dy Zy* [hry » (Mendenhall, 1971) 


t= i » (Mendenhall, 1971) 


where: 
s=standard deviation between sampling dates 
n=number of sampling dates (5) 
y=average value at jetty sites 
praverage value at control sites 


with: 
level of significance=5 per cent 
degree of freedom=n-1=4 


Table 13. Statistical Analysis of the parameters at jetty 
site versus the parameters at control site, 
using the t-test 
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V. DISCUSSION 


Cymodocea manatorum is widely dispersed throughout 
the tropics of the Caribbean Sea and thus has been considered 
a tropical species. It has also been shown not to be a 
stenothermic tropical species (Phillips, 1960). Winter 
water temperature observations from several stations in 
Plorida, studied by Ronald C. Phillips, correlated with the 
period of leaf kill, indicate that Cymodocea leaves begin 
dying back when water temperature falls to approximately 
20.0°C. No information has been found concerning the 
thermal effects on growth of manatee grass to date. 

In a study dome on the thermal effects on the 
Connecticut River, it was found that the result of exposure 
of the flora in the area to elevated temperatures appeared 
as (a) enouth stimulation (increased standing crop), (b) 
development of synchrony in reproduction, and (c) community 
composition shifts (Foerster, et al., 197). 

Photosynthesis is an important factor in the growth 
rate of a sea grass. If the photosynthetic process is 
hindered, grass production will suffer. Photosynthesis is 
affected by gas exchange, temperature, turbidity and water 
depth. 

Gas exchange may play an important role in control 
of photosynthesis in the marine system. CO, is much more 


soluble in sea water than is O50 The solubility of O75 
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decreases with increased water temperature (Slack and Clarke, 
1965), as seen in tables 2 and h. The low 0, content would 
be favorable because all known types of photosynthesis 
function better under low 0, concentration. 

Photosynthesis increases with temperature in sube 
tidal forms up to 30'C. At higher temperatures, photo-~ 
synthesis declines sharply. Respiration increases with 
temperature and salinity (Biebl and Me Roy, 1971). 

During this investigation, turbidity did not have a 
hindering effect because of the relative clarity of the 
water, The water was very shallow, about 28 centimeters, 
so light penetration was very high. 

the high concentrations of dissolved oxygen recorded 
were probably the result of the 05 produced by the lagoonal 
benthic plants through photosyntheslas- and the result of the 


shallow water, which favors atmospheric reaeration, We 


~N 
., 


At was found by Phillips (1960) that Cymodocea 
manatorum requires a salinity of 20.0 to 25 parts per 
thousand and over. The salinity measured throughout this 
investigation was within this range. 

The low concentrations of nutrients measured were 
typical for this area under these conditions (Lasater; 
Carey; 197ha, 1974b). It is possible and probable that the 
nitrogen is in organic form (Nevin and Lasater, 1972). 

The technique used for the harvesting of the sea 


grass during this investigation was simple and proved to be 
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quite commendable. It could bastade certain that all of the 
grass, both leaves and sub-substrate were harvested. 

Kecause the soil was also dug up along with the grass, the 
grass stayed intact until put into the plastic bags. There 
was, therefore, no loss of plants during the harvesting 
procedure. Siltation and retarded leaf production were not 
factors as in the blade cutting harvest procedure. ‘his 
harvesting tecnnique is recommended by the author when grass 
samples are needed for measurement of growth, and inspection 
of the plant in its entirety is required. Shallow water is 
a requirement for use of this technique, 

Currents were not a factor in this investigation. _ 
There are no measurable currents in either the jetty site or 
the control site as indicated by dye toatines The waters 
in these areas nike basically wind-driven and would be 
under equal conditions in both areas. 

In the scope of this investigation, the algal growth, 
seemingly due to the rise in temperature, affected and 
hindered the growth of the manatee grass. 

there has been evidence of thermal destruction to 
sea grasses in some areas as well. Biebl and Mc Roy (1971), 
in their study of Zostera marina, found that prolonged or 
frequent temperatures above 30°C could result in the destruc- 
tion of the sea grass. A measurable reduction of the standing: 
stock of eelgrass in Izembek Lagoon during the summer of 196l, 


was attributed to the effects of high temperatures (Mc Roy, 1966). 


50 


Each measurement was averaged, on each sample date, 
from five different sites at the jetty and three different 
sites at the control. This was done to minimize inaccuracies 
and to allow for more representative data. 

Predation by animals, especially the manatee, was 


not noticed as a factor during this investigation. 


Sl 
VI. CONCLUSIONS 


The growth rate of Cymodocea manatorum in brackish 
water of low turbidity is directly related to the temperature 
of the water. It can be seen, in figure 5, that where the 
temperature shows an average decrease between the second 
and third sampling date at the control site, growth of the 
grass is seen to drop off. When the temperature increase 
is greatest, especially when approaching the optimum temper- 
ature, the growth is greatest. It is also shown in figure 5 
that the grass continued to increase in growth up to a temper- 
ature of 29°C. It was at this temperature where an algae 
bloom occurred. The algae which occurred at this location 


was identified as Hypnea cervicornis, a reddish-brown member 


of the family Hypneaceae, The alga covered much of the grass, 
acting as a light barrier, decreasing the sunlight supply and 
lowering the dissolved oxygen content. It is possible that 
the alga also acted as a barrier to an efficient gas exchange 
process. This reduction in the photosynthetic process 
resulted in a decrease in grass growth. It must also be 
stated that the blades of the grass that did remain, probably 
due to the natural selection process, were not only larger 
but continued to grow with the temperature in excess of 34°C. 
this grass was limited as shown in the drastic decrease in 
overall growth shown in figure 5. It is concluded, therefore 


that the destruction of the grass was not due directly to the 
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temperature level over 29°C, but due to the hindering 
effects of the alga which seems to undergo a bloom at this 
temperature in conjunction with the conditions present in 
the lagoon during this time. 

The parameters measured, dissolved oxygen, pH, 
orthophosphates and nitrate nitrogen, turbidity and salinity, 
although showing some change at times, did not vary signif-~ 
icantly between the jetty site and the control site. Temper- 
ature did vary significantly between these sites, which ailows 
a relationship between temperature and grass growth to be 
defined, 

Temperatures willl increase in future months in both 
locations due to solar radiation. Due to the heat added by 
the power plant, the water temperatures at the jetty site 
will always be higher than those at the control site. As 
these temperatures increase over 30°C, photosynthesis will 
decrease. ‘This will cause a reduction in the grass! pro- 
ductivity. With increasing temperatures, the metabolisms 
of the animals in the area will increase, This increase 
results in a higher food requirement for these animals which 
graze on the sea grass, resulting in a net reduction in the 
grass' biomass. During the late autumn months, when the 
temperatures begin to decrease in this area, the growth of 
the sea grass will increase, Due to the decreasing water 
temperatures, Manatees will be attracted to the warmer 


waters along the jetty where they graze, quite efficiently, 
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on the Cymodocea grass beds. Again the result will bé a 
weaustton in the grass! biomass. 

Figure 5 shows that the net productivity of the 
grass at the jetty site, where the temperatures are higher 
than those at the control site, is less than the net 
productivity of the grass at the control site during the 
time of the investigation. 

It can therefore be concluded that, on an annual 
basis, the net effect of the increasing temperatures in the 
area of the jetty reduces the net productivity of the sea 
grass, Cymodocea manatorum. 

By running a sieve analysis on the soil from both 
the jetty site and the control site, it was concluded that 
the types of soil at each site were not factors affecting 
growth between the two sites. 

' The method of harvest can be considered an effective 
one when total and complete plant samples are required withe 
out damage to the plants and minimum upset to the rest of 
the grass bed. This method is recommended only in shallow 


water with low turbidity. 
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(2/9-3/7) 
, Period 
Discharge Temp,(°F) Daily Average Average Flow 
ate __Max. Min. Average “°F ion gal./min,x10° 
79.7. 26.5 5.21 
Fed. 9 83 73 78 
10 83 75 79 
11 19 715 77 
12 82 74 78 
13 81 75 78 
14 78 713 75.5 
15 80 73 76.5 
16 83 76 79.5 
17 84 76 80 
18 84 78 81 
19 89 78 83.5 
20 83 19 1 
21 86 718 82 
22 89 718 83.5 
23 86 82 84 
24 90 80 85 
25 86 77 81.5 
26 83 75 
27 82 75 78.5 
28 80 75 77.5 
Mar. 1 718 714 76 
2 80 13 76.5 
3 + * 
4 # + * 
5 * * * 
6 * # + 
7 * * . 


* Recorder Failure 
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(3/8-4/4) 
Period 
Discharge Temp. (°F) Daily Average Average Flow 
Max. Min, Average °F Te al, /min,x10° 
83.1 25.4 ee ae cee 
* # * 
* td * 
* * * 
* * * 
* *. * 
89 78 83.5 
86 79 82.5 ., 
84 78 B41 
86 17 82.5 
90 79 84.5 
89 78 83.5 
89 80 84.5 
81 76 78.5 
85 76 80.5 
86 77 81.5 
82 78 80 
89 80 84.5 
88 80 4 
85 78 B1.5 
B4 715 79.5 
87 19 83 
85 719 82 
84 78 81 
87 19 8 
88 719 83.5 
97 81 
97 88 92.5 
90 79 B4.5 


* Recorder Failure 
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(4/5-5/2) : 
Period 
Discharge Temp.(°F) Daily Average Average Flow 
Max, Min, Average °F °C gal. /min.x10 
86.5 30.3 5.21 
84 76 80 
83 75 719 
88 76 82 
94 78 86 
94 81 87.5 
94 83 88.5 
91 85 88 
89 84 86.5 
86 80 83 
95 82 88.5 
94 85 89.5 
89 82 85.5 
89 81 85 
94 83 88.5 
95 82 88.5 
96 83 89.5 
92 83 87.5 
92 83 87.5 
85 80 82.5 
86 79 82.5 
87 19 83 
88 80 84 
91 82 86.5 
92 86 89 
94 86 90 
95 82 88.5 
86 92.5 
101 86 93.5 


Orlando Utilities Commission Cooling Discharge Water 
Daily Temperature Data ~ 1975 
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(5/3-5/31) 
7 Period — 
Discharge Temp.( °F) Daily Average Average Flow 
Date __Max, Min, Average °F "Cc gal./min,x10° 
93.4 34.1 5.21 
May 3 99 89 94 
4 97 88 92.5 
5 98 87 92.5 
6 98 86 
¢ 97 88 92.5 
8 98 88 93 
9 100 88 94 
10 97 89 
11 95 86 90.5 
12 98 86 
bie: 98 89 93.5 
14 99 86 92.5 
15 94 89 91.5 
16 92 87 89.5 
17 94 86 90 
18 96 87 91.5 
19 98 89 93.5 
20 98 89 93.5 
21 99 90 94.5 
22 100 89 94.5 
23 103 90 96.5 
24 101 90 95.5 
25 100 91 95.5 
26 102 91 96.5 
oT 100 92 96 
28 101 92 96.5 
29 97 90 93.5 
30 98 88 93 
31 99 89 94 


Appendix 9. Crlando Utilities Commission Cooling Discharge Water 
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Uniformity coefficient = De 
Jetty site: De 


Control site: De 


3 | 
oO 
i 
oO 
— 
we 
i 
— 
° 
Oo 
Ne] 
~I 


Mean diameter = a(Di¢ + Dgs) 


*(0.095 +:0.300) 
0.1975 mm 


4(0.11 + 0.300) 


Jetty site: #(D,¢ + Dye) 


“ou 


Control site: B(Dy¢ + Dgs) 


. | 0.205 mm 
. weight of Soil Retained 
Per cent Retained = see GtaL Soll weleht x 100% 


Deo = Diameter in mm of the particles where the 
per cent finer is 60%, 


Appendix 10. Calculations for Soil Analysis 
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BENTHIC SPECIES DIVERSITY AND ENVIRONMENTAL 
STABILITY IN THE NORTHERN INDIAN RIVER, FLORIDA 


Major Advisor: K.B. Clark 


Species diversity in the benthic community of an evaporite estuary on the 
Florida east coast is examined for the summer of 1973. Samples were taken along 
a transect using a . 05m” Ponar grab. Variations in species richness and evenness 
components of diversity were determined using several indices. Analysis of 
variance was used to determine variations in environmental parameters including 
temperature, dissolved oxygen, salinity, pH, and redox potential. Species rich- 
ness and evenness were found to vary inversely when both were compared to water 
depth and species richness was found to correlate strongly with the redox potential 
of the sediments. Depth served to buffer the community from variations in tempera- 


ture and dissolved oxygen but the availability of oxygen as interpreted from the redox 


potential appears to play a greater role in determining species diversity 


than does the environmental stability. 


\ 


Where oxygen was abundant, species were found to be closely 
coupled to their total environment as seen in trophic interactions and 
resource utilization by deposit feeders. 

A biological indicator is proposed to aid in determination of 
sediment instability with respect to dredging activities. This indicator 
is used to demonstrate the apparent long term effects of the dredging 


of a navigational channel in this estuary. 


ii 


ACKNOWLEDGEMENTS. 


This research was supported through a grant, NGR 10-015-008, 
from the John F, Kennedy Space Center, National Aeronautics and 
Space Administration, Cape Kennedy, Florida. I thank Dr. K. B. Clark 
for his guidance and suggestions throughout the study as well as nis 
assistance in collecting samples ang identifying mollusks. Also, I 
thank R. Campbell, R. Heidinger, and S. Gilbert for their aid in col- 
lecting and sorting of the editiplen: I also express my appreciation to 
Dr. J. A. Lasater and Dr. T. A. Nevin for their suggestions and 


comments on the manuscript. 


TABLE OF CONTENTS 


ACKNOWLEDGEMENTS. ose guaere 
I. INTRODUCTION..... 

A. Background......... a piece 

B. Dederipdon of the Study Area ee ee ee 


ll. METHODS AND MATERIALS .......... a ieeetss 


THE, RESULTS eh ec shes 2a wie end a dav hb Sin a Ge Gatos pS 
A. Depth....... (Reales aes ee ee era SC scsune® 
B. Sediments... ce cece cece cence eer wesc cence nee 


Cc. Salinity ar uiatiansanny aie ce Waianae hae ge 
D. Temperature and Dissolved Oxygen. ...ee.ceeeee 


E. Organic Carbon. .... ccs cee c eens 


« Diversity Indices 2... .cccercccrcrcocecccweveses 


I, Comparisons with Other Studies .......0...0.00% 


IV. DISCUSSION ........... Ce eww eee we ee ere rere 


Vic | SUMMARY ication Santee Peete eeeesi as 
APPENDIX A co. ccccceccecececcccecuscscaeueneeaeess 
APPENDIX. Bid gsboteshaw waves : 
APPENDS C dana bcnsnaamonie ieee 


BIBLIOGRAPHY .ic6 see iow «54S 6e e4 Vos 


Ce er 


eee ee rer eee eee eer vraeeve 


oer ewe enaere 


oe ere reo eeo eae ww eee enews 


iii 


10. 


ll, 


12, 


13. 


14, 


15. 


16. 


iv 


LIST OF FIGURES 


Page 
Map of the Indian River Lagoon ........0.-e 000 whee wae eX 18 
Map of the Study Area in the North Indian River Showing 
Location of Transect and Stations ........ ccc ccececececas 20 
Sketch of- Sluice Bok oc eeicdeas eee eee sees eeiwleduwan. 20 
Arithmetic Plot of the Number of Species at Different 
Population Levels Using the Rarefaction Method for 
the Sample from Station TR 14............000. Te ee ee 34 
Trellis Diagram Generated by Index of Similarities 
Between Sample Stations Along the Transect......... .. 38 
‘Depth Contour Along the Transect..........2.. ee , 42 
Salinity Values Measured Along the Transect............ 45 
Temperature and Dissolved Oxygen Values Along 
the Transect: sini iowa cate ene ec adek ade siavareue vin wu age aiies 51 


Temperature Profiles at Shallow and Deep Stations Over 
a 24-Hour Period in Summer and Winter.........0ce00e00. 62 


Dissolved Oxygen Profiles at Shallow and Deep Stations 
Over a 24-Hour Period in Summer and Winter............. 64 


Organic Carbon Content of Sediments at Stations Along 
the Transect.....e.08. 


ooweweo eee eee eee Oe mre eee e ee se Bere we wo 67 


pH of Bottom Water and Sediments Along the Transect...... 71 
Redox Potential of Bottom Waters Along the Transect...... 75 


Redox Potential of Sediments at Stations Along the 
TAN CC CE 5 sia rine ol ose! lina teria weeiseie ere! a eis sendin ieee we oe ee eae @eeenee 77 


Linear Regression of Sediment Eh on Depth at Non- 


Vegetated Stations... . cece cere eee terete tenes eee eeencens 8% 
Linear Regression of Species Richness of Sediment Eh 
for Non-Vegetated Stations .............-. Ee re a se 


87 


17. 


18, 


19. 


20. 


21, 


22. 


23, 


Page 
Linear Regression of Species Richness on Depth........... 93 
Linear Regression of Species Evenness on Depth .......... 95 
Rarefaction Curves for All Stations on the Transect. covesee 98 
Linear Régression of the Number of Deposit Feeders at 
Biologically Accommodated Stations on the Organic 
Carbon Content of the Sediments...............- he gad ahs 106 
Linear Regression of the Number of Deposit Feeders at 
Physically Controlled Stations on the Organic Carbon 
Content of the Sediments......... Serre ee ‘ , -.. 108 
Rarefaction Curves for the Indian River Samples and 
Boreal and Tropical Estuaries,........... ay Nie gieres areca 110 


Comparison of the Rarefaction Curves from Indian River 


Samples with those of Boreal and Tropical Estuaries....... 113 


4, 


10. 


Ll. 


12. 


13. 


LIST OF TABLES 


Page 
Sample from Station TR 14 with 100 Individuals 
ANG 1S Speries soc 64 ys a otea- dee ncoale fa anne es oS Aare A Snag oe 
Spatial Differences in the Variances of Salinity....... ie wae, Ae 
Analysis of Variances of Temperature and Dissolved 
Oxygen Between Station Assemblages Characterized 
by Relative Amounts of Vegetation in the Summer .......... 33 


Two-Way Analysis of Variance of Diel and Seasonal 
Variations in Temperature at Shallow and Deep Stations..... 56 


Two-Way Analysis of Variance of Diel and Seasonal 
Variations in Dissolved Oxygen at Shallow and Deep 


Stations.......... Maes oa Rey be Se ale Gea ip wee tue Meueenes. Oe 
Comparison of Mean Daily Water Temperature and 

Dissolved Oxygen Between Deep and Shallow Stations 

DY SOAS OM es 6 aca so Sie Se GS es otal cao WN laws. WNW, Sieh NEw NTO BRR oer ees 60 
Comparison of Species Richness Values Between 

Faunal Assemblages .....ccccccccs ccs cecressenscescecces 84 
Information Diversity Values for Stations Along 

the Transect .c cece reece secre cece seer eset e reser ccececes IO 
Rarefaction Data for All StationS ....... ccc seer eer neeeves 100 
Summary of Abundance of Trophic Feeding Types at 

Bach Stationy «sc %isca cs eee ee rT rrr es ivesaataee. 295 
Comparison of Sizes of Some Polychaetes with Expected 

SIZ OB so wee deus oh eT ee eee iis aes Re es Ry eee a 125 
Ranking of Biologically Accommodated Stations 

According to the Percentage Composition of Deposit 

Feeders and Suspension Feeders ......... ccc eee eee ccerees 132 
Ranking of Physically Controlled Stations According 

to the Percentage Composition of Deposit and Suspen- 

Sion Feeders.........6. 134 


seme ese eo ere ersr eee eee eee e eee even e sea 


, Page 
14, Comparison of Stations Ranked According to Increasing 
Distance from the Intra-Coastal Waterway to Stations 
Ranked in Order of Increasing Composition of 
Suspension Feeders, .....cccsecscsccsecces nage Se) Aa asa cae 139 
APPENDIX A: Species List and Distribution.............0-.+++ 143 


APPENDIX B: Plant Biomass Values Along the Transect ....... 148 


APPENDIX C: Sediment Analysis Data......0...05048 Pe POET 150 


I. INTRODUCTION 
A. Background 


The research described in this paper was conducted as part of 
an ecological baseline study on the waters in and seoudid the Kennedy 
Space Center, Merritt Island, Florida, The combined efforts of the 
Departments of Oceanography and Biological Sciences were focused on 
the assessment of biological, chemical, and physical water quality in 
terms of those parameters that are likely to be affected by man's 
activities. 

Water quality is petlected in the species composition and divers 
sity, population density, and physiological condition of indigenous com- 
munities of aquatic organisms (Standard Methods for the Examination of 
Water and Wastewater, 1971). Perhaps the most important eer fe 
including the sampling of acquatic organisms in a water quality study is 
that they act as natural monitors. Aquatic organisms respond to their 
total environment. When that environment is stressed, organisms that 
cannot tolerate the stress are destroyed and the composition of the 
aquatic community changes. In general the use of biological indicators 
may reveal more about water quality than chemical analysis alone. 
Even the most specific chemical analysis can only indicate instan- 


taneous conditions, whereas organisms used as indicators can represent 


1 


conditions extant over a period of months (Stein and Denison, 1967). 

It is important to recognize that biological assessment does not replace 
physical and chemical investigations. They all provide converging 
lines of information that supplement each other. 

Qualitative and quantitative methods may be used to evaluate con- 
ditions in an aquatic community. The first consists of little more than 
a biological inventory or a listing of the species found in a community 
accompanied by notes on where they were found. Such an approach is 
particularly useful in studies where rare or commercially important 
species are of major interest. 

In the field of pollution research attempts have been made to 
"quantify" the qualitative approach to the study of aquatic communities. 
This quantification is based on a precise taxonomic grouping of 
organisms according to their relative tolerance to the same stress. 
Beck (1954) developed a biotic index as a method of evaluating the 
effects of pollutants on benthic fauna. His index is simply the sum of 
the number of intolerant organisms, with the number of facultative 
organisms giving added weight to the former, 

The evaluation of an aquatic community utilizing a saprobic sys- 
tem as proposed by Beck is weakly founded and less than universal in 
applicability. Knowledge of the tolerance levels of many organisms 
to various stresses is still severely limited. Tolerances for the same 


organisms may vary under different conditions, making categorization 


somewhat subjective. This all-or-none concept of tolerance to stress 
neglects the principle of a continuum of tolerance (K. B. Clark, 
personal communication). Many of the so-called pollution tolerant 
species are also found in clean waters (Hynes, 1970). Therefore, the 
use of the mere presence or absence of a particular species as an 
indicator of water quality is ill-advised and no longer commonly 
accepted (Stein and Denison, 1967). 

The quantitative approach in the use of aquatic biota to assess 
water quality is based on community structure as an indicator. 
Hairston (1959) defined community structure in terms of species fre- 
quency, epeties per unit area, spatial distribution of individuals, and 
numerical abundance of species. All of these parameters have been 
incorporated, either singly or in combinations, into the evaluation of 
a community in terms of species diversity. 

Species diversity is most commonly equated with species abund- 
ance, or richness, relative to some base unit such as area or total 
population. The more species present in a community, the greater the 
diversity. Sanders (1968) and Whittaker (1965) describe such measures 
of diversity as "species diversity. '' Odum (1971), however, states that 
diversity can be defined mathematically by any function that has a 
maximum value when each individual belongs to a different species and 
a Minimum value when all individuals belong to the same species. 


Such a mathematical definition appears to suggest a different view of 
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diversity which is independent of the number of species present. This 
measure of diversity is also widely used but the name given to the 
measure varies from author to author. Lloyd and Ghelardi (1964) pro- 
vide the term "equitability' and Pielou (1966) uses the label "evenness,'! 
Sanders (1968) calls such P measure "dominance diversity" after the 
simpler and more common label of 'dominance'' used by Whittaker. 
(1965). While all these adopted terms apply to the same concept of 
diversity, the positions given to the maximum values of the terms may 
be reversed. Maximum dominance or dominance diversity is equated 
to minimum evenness or equitability. The question arises then of which 
concept of diversity should be used as its measure. Hurlbert (1971) 
suggests that species diversity is, in fact, a function of both the species 
richness and the "evenness" components. In addition, Pielou (1966) 
suggests that depending upon the function used to mathematically define 
diversity, a third component may be introduced - population density, or 
more specifically, sample size. 

A universally applicable mathematical definition of diversity 
would seem to yield a valuable statistic for the euatuatied of the stries 
ture of a biotic community. But for the purpose of inter-community 
comparison, this statistic or diversity index must necessarily be inde- 
pendent of the population densities of the communities. Most of the 
formulae proposed as indices of diversity have been subsequently shown 


to be density dependent. Discussions concerning the history and fate 


of these indices can be found in numerous publications including 
Whittaker (1965), Hairston (1959), and McNaughton and Wolf (1970) and 
~ will not be dealt with at length here. However, many of these indices 
are still used with due consideration given to their weaknesses, The 
tevinuine which are perhaps the most widely used by terrestrial and 
aquatic ecologists are those based on the concept of information content 
in communication theory. Originally proposed by Margalef (1957) as a 
measure of species diversity, the density independence of this series 
of equations remains argumentative. The proponent of this index 
argues that the results obtained are valid when the community under 
examination is Sse euakny homogeneous. This argument becomes 
somewhat circular when the index itself is the only measure of that 
homogeneity. are eeacttieg: the generally widespread usage of the 
information theory indices of diversity Wemuenias that they deserve 
‘a more detailed discussion at this point. 

The underlying concept of the use of information theory asa 
measure of diversity lies in the assumption that individuals in a natural 
population are analogous to the letters of the alphabet contained in the 
words of some message. If all the letters in the message are scram- 
bled and placed in a hat, they can be randomly selected one at a time. 
As each letter is drawn, it provides "bits'' of information that will 
eventually lead to the meaning of the message, If there are a great 
number of the same letter, then theoretically more draws must be made 


to decipher the message. Each letter then provides only a few "bits'' 


of information about the message. Conversely, if the letters of the 
message cover a wider range of the alphabet with little duplication, 
less draws may be made to reveal the message content. Thus each 
letter drawn provides more "bits" of information. The parallel between 
repeated or different letters and dominant or diverse species is easily 
seen even though the similarity in the distribution of alphabetic letters 
in a message and the distribution of species in nature appears unlikely. 
The use of information theory in ecological studies has led to 


various formulae. Beginning with the information function of Brillouin 


(1962): 
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H = MN logy N! - £ log nj! 


where H is the index of diversity expressed as bits per individual, N 
is the total number of individuals in the sample, n; is the number of 
individuals in the ith species and s is the number of species, Shannon 
and Weaver (1963) developed a special case formula 

Ho = - 2 pi log2 Pj 

i=] 

where H' is the index of diversity and p; is the fraction n/n: As both 
Pielou (1966) and O'Connor (1972) point out, this second equation is 
applicable to cases where each nj; is relatively large so that Stirling's 
approximation to the logarithm of a factorial, in the form 

log N!I-~~N (log N-1) 
may be used with the result that H' is an approximation to H. Sucha 


situation where all n; are large is not often found in nature (Odum, 


1971). Both of these equations dealt with the species richness aspect 
of diversity as well as the evenness of the distribution of organisms 
within those species. If one wished to consider only the evenness 
aspect, the ratio (J) of the observed diversity (H) to maximum possible 
diversity (H,,,,,) at a given value of N and i may be used. Pielou 
(1966) discussed the use of this ratio and defined the maximum diversity 
by the equation . 
H = ae lo Sean 

max  N 82 (mite =F ftm' + 1) 
where N is as above, s is the number of species and sm' + r =N 
(with m' and r as whole numbers and ré@s) whens - r of the species 
are represented by m' individuals each and the remaining r species 
by m!' + 1 individuals each. 

A more recent approach to providing a density independent index 
of diversity has been advanced by Sanders (1968), which involves inter- Pe. 
soladion of the number of species found in various sample sizes by 
retaining a constant percentage of species composition. A detailed 
discussion of the method is undertaken at a later point in this papers 
Still more recent approaches to a measurement of species diversity 
have been proposed by Simberloff (1972) and Fager (1972) using com- 
puter techniques to simulate the random sampling of a population one 
individual at a time. The use of these techniques enables one to deter- 
mine the number of species present at any preselected sample size. 


While the simulation technique appears superficially to be Sanders' 


method worked in reverse, it has led to the criticism that the latter 
method tends to exaggerate the species ahundance estimates, This, in 
itself, does not disallow the use of Sanders' method as an index of 
diversity (Simberloff, 1972). 

The concept of species diversity was accepted early in this cen- 
tury as an indicator of conditions in a Biolasical community and has 
been used extensively ever since (Copeland, 1967). If diversity is a 
ein pacteristie of a community, then it follows that that diversity is 
affected by either the community itself or by eee outside of and 
independent of the community. Application of the concept of diversity 
is often on a localized scale, that is in one localized community, but 
the generalized theories so far proposed to expla in differences in 
diversity have been advanced on a global scale. These theories are 
reviewed by Pianka (1966) as theories to explain latitudinal gradients 
in diversity. There are six such theories summarized as follows: 

The Time Theory - Diversity is low in a new or recently dis- 

turbed community. If allowed to develop undisturbed, the diver- 

sity of the community will increase with time. 

The Theory of Spatial Heterogeneity - The more heterogeneous 

and complex the physical environment becomes, the more com- 

plex and diverse are the plants and animals sueeated by that 


environment. 


The Theory of Climatic Stability - Regions with stable climates 


allow the evolution of finer specializations and adaptations than 


do areas with more erratic climatic regimes, because of the 

relative constancy of rcsources, 

The Competition Hypothesis - In temperate regions natural 

selection is controlled mainly by the physical environment 

whereas biological competition becomes a more important 
soriponent of evolution in the tropics. Competition for re- 
sources is keener and niches are "smaller" in more diverse 
communities. 

The Predation Hypothesis - There are more predators in 

diverse communities. These are able to hold down individual 

prey populations enough to lower the level of competition between 
and among prey species. This lowered level of competition then 
allows the addition of new prey types which in turn support new 
predators. 

The Productivity Hypothesis - Greater production results in 

| greater diversity, everything else being equal. 

All of these concepts are difficult to test directly and thus all 
remain eeciven exclusive of each other. There are however many 
objections to some of these concepts which tend to lessen their impor- 
tance as determinants of diversity. 

While the Time Theory is easily understood, it is largely un- 
supported as a major factor in community diversity. Geological cata- 
strophies such as glaciation have, it is felt, allowed temperate regions 


less time for speciation and diversification than trepical regions which 
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were less affected. Evidence suggests, however, that temperate 
specxes were merely displaced further south during glacial periods 
rather than destroyed (Morris, personal communication). Thus, time 
would only be reflected in rates of colonization rather than rates of 
diversification. The paleoecological work of Simpson (1969) would 
seem to indicate the possibility of error in considering all past geolo- 
gical periods as being markedly less diverse than the present. 

As shown by siaurise (1937) spatial heterogeneity is an important 
aspect of diversity but it is insufficient explanation for latitudinal 
gradients within habitats (Pianka, 1966). It has been shown that 
environmental complexity in the form of foliage height is a good pre- 
dictor of bird species diversity (MacArthur, 1964), but no explanation 
is provided for the vegetation diversity. It would appear that the 
effects of spatial heterogeneity may be habitat specific. 

The hypotheses of predation and competition are by definition 
mutually exclusive (Pianka, 1966). Predation results in reduced com- 
petition in diverse communities while the competition hypothesis 
equates high diversity with high competition. Paine (1966) provides 
good evidence for the predation hypothesis in development of his "key- 
stone species'' concept. The intense competition and its resultant 
food web complexity provide little buffer against the damaging effects 
of the removal of a top carnivore from a highly diverse coral reef 


tract. 
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It is conceivable that hight competition would have its greatest 
effects when productivity is low. Where productivity is high, competi- 
tion would be decreased at a given population density. Qualitative inves- 
tigations of enriched, or "polluted, '' environments have indicated that 
exploitation and low diversity are more often associated with high pro- 
ductivity. It has been suggested that stability of production, rather than 
the rate, is a more rene determinant of diversity (Valentine, 1971, 
Levinton, 1972). 

The theory of climatic stability has found rather general accept- 
ance as a determinant of diversity. But only once has a relatively 
successful attempt been made to correlate diver sity with climate 
(Sanders, 1968). Perhaps the most important aspect of this theory is that 
of stability. The inclusion of this oon in the productivity hypothesis 
has already been mentioned as a more viable alternative. Slobodkin 
‘and Sanders (1969) use the term predictability to include stability as a 
more general concept. Thus, the predictability of all the factors which 
may affect an organism or a community will ultimately affect the diver- 
sity. Unpredictable catastrophic effects such as glaciation or the whole- 
sale removal of a key predator would have a deleterious effect on the 
diversity of a community. Predictability may be the general concept 
which unifies the six theories summarized above, all of which have been 
shown to play some role in the determination of diversity in a particular 


situation. 
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It may be interpreted that Sanders (1968) actually meant predic- 
tability in suggesting the time-stability hypothesis as a determinant of 
diversity: 

"Where physiological stresses have been historically low, 

biologically accommodated communities have evolved. As 

the gradient of physiological stress increases, resulting from 

increasing physical fluctuations or by increasing unfavorable 


physical conditions regardless of fluctuations, the nature of 
the community gradually changes to a predominantly physically 


controlled, Finally, when the stress conditions become 

greater than the adaptive abilities of the organisms, an 

abiotic condition is reached, The number of species present 

diminishes continuously along the stress gradient." 

Sanders drew no conclusions as to the effect of fluctuations of 
constant magnitude and periodicity on diversity. But if his use of the 
term ''stability' is interchanged with "predictability" the implication 
becomes obvious. 

Demonstration by Sanders of the time-stability hypothesis as it 
affects the diversity of marine benthic communities revealed high diver- 
sity in tropical shallow water (10-40 meters) and deep sea continental 
slope samples. These locations are characterized by constant temper- 
atures, salinities, and concentrations of dissolved oxygen. Significantly 
lower diversity values were seen for estuaries, boreal shallow waters, 
and disturbed tropical shallow waters. Nichols (1970) found lower 
diversity among marine polychaete assemblages at the mouth of an 
estuary than at deeper stations in Puget Sound, Washington. He con- 


cluded that this was the result of a shifting substrate and fluctuating 


salinities at the estuary mouth. In addition, the work of Rhoades and 
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Young (1970) and Levinton (1972) suggests that the high diversity of 
deposit feeders as opposed to the low diversity of suspension feeders 
in benthic communities is a function of the predictability or constancy 
of food supply. Deposit feeders rely on a detritus sink in which 
nutrients may be rapidly recycled and which acts as a buffer against 
any fluctuations in the "rain" of detritus from above. Suspension 
feeders, on the other hand, are subjected to changes in food availability 
by currents and seasonal plankton population changes. 

If environmental stress and fluctuations are minimized or are 
predictable sais the organisms' adaptive Sspananaed: biological 
accommodations will develop resulting in, or coinciding with, an 
increased diversity. Adaptive strategies can focus on the environment 
as a whole eoihe? than on the parameter producing the stress. Membet 
species of the community can become adapted to local conditions and to 
each other (Wilson, 1969). Ina stressed or physically controlled com- 
munity, adaptations of organisms are toward a broad spectrum of 
physical conditions and there can be no close coupling of a species to 
its environment (Sanders, 1968). 

Low latitude environments are generally characterized by com- 
plex biological interaction and high diversity. But estuaries, even in 
the tropics, are subjected to pater environmental stresses such as 
low levels of dissolved oxygen (Odum, 1970), salinity fluctuations as a 
result of evaporation and fresh water input, and wide range daily tem- 


perature variations (Wood, 1965). Consequently rnany estuarine 
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organisms are living near the limits of their tolerance range (Odum, 
1970) and even slight further alterations could result in considerable 
variation in local diversity within the estuary. 

Sanders (1958) and Nichols (1970) found the sediment, particularly 
the percentage of clay, to be the most significant correlate of faunal 
distributions in the benthos, Sanders (1958) and Bloom, et al. (1972) 
related an optimum particle size to the distribution of suspension 
feeders, Nichols (1970) suggested the importance of the sorting of 
particle sizes to the diversity of polychaete assemblages, Sediment 
particle size and sorting coefficient are also probably related to the 
stability of the substrate and hence may be indicative of disturbances 
to that substrate although such use as indicators is of doubtful validity 
(Kalajian, personal communication). McNulty, et al, (1962) suggest 
that sediments may play a less important role in shallow waters of 
’ Florida. That conclusion is supported in part by Bloom, et al. (1972) 
in Tampa Bay, Florida. 

Previous studies by Sanders (1958 and 1968), Lie (1974), and 
O'Connor (1972) were on a relatively large scale involving distances 
between stations in terms of miles. Such large scale studies may 
include unaccounted for differences in zoogeographical distributions 
and drastic changes in substrates, The work of Bloom, etal. (1972) 
was on a small spatial scale but diversity per se was not investigated 


due to limitations of sampling methodology. 
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The purpose of this study is to investigate species diversity in 
the benthic community of an evaporite estuary ona staal scale with 
respect to parameters which may place physical stress on the com- 
munity. In shallow water temperature, salinity, dissolved oxygen, and 
the nature of the substrate should represent the most significant envi- 
ronmental parameters whose fluctuations, either temporally or 
spatially, or relative presence would affect the distribution of the 
benthic jane, The buffering of the community from these stresses, by 
increasing the water depth or the distance from shore, should result in 
increased biological interaction and higher diversity. Increases in bio~ 
logical interaction may be seen in the increase of significance of corre- 


lations between organisms and their environment. 


B. Description of Study Area 


the Indian River is part of the Intracoastal Waterway which 
extends alorig the east coast of Florida. The 'river' is actually a 
lagoon separated from the ocean by a barrier island formed by sind 
and wave deposition of sand during recent geologic time (Brown, 1962). 
Little ecological research has been done in the waters of the Indian 
River although it has been an integral part of the recreational and com- 
mercial fishing industries of east coastal Florida. 

The Indian River is bounded on the west by the Florida mainland 


and on the east by various barrier islands, the northetnmost of which 
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is Merritt Island. On the north there is a connection with Mosquito 
Lagoon, another similarly formed lagoon. The Indian River extends 
from latitude 28° 48' about ten niles north of Titusville, Florida, south 
wards to latitude 27° 7! near Port Salerno, Florida, representing a 
total distance of approximately 123 miles. 

Since a physical description of the entire Indian River is beyond 
the scope of this text, only some of the major features will be discussed 
here. Direct exchange of water between the Indian River and the 
Atlantic Ocean is accomplished through one man-made and two natural 
inlets, Sebastian Inlet, Fort Pierce Inlet and St. Lucie Inlet, 
respectively. North of Sebastian Inlet, the only contact with the ocean 
is indirect. Near Melbourne and Cocoa, Florida, the River connects 
with the Banana River, which, in turn, contacts the ocean through canal 
locks at Port Canaveral. North of Titusville, Haulover Canal links the 
Indian River with Mosquito Lagoon, which opens to the ocean at New 
Smyrna Beach. 

Freshwater input in the form of rivers and streams is likewise 
limited. Of probable importance are: Turnbull Creek, at the extreme 
north end; the Eau Gallie River, Crane Creek, and Turkey Creek, in 
the vicinity of Melbourne; and the Sebastian and St. Lucie Rivers further 
south. Other significant freshwater inputs exist in the form of direct 
precipitation and run-off from adjacent land masses. 


Two other man-made features are of probable significance. A 


total of seventeen causeways cross the River at various points along 
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its length. These causeways, the majority of which are the result of 
massive ''fills,'' probably serve to divide the river into relatively dis- 
crete sections by impeding water circulation. Secondly, as previously 
mentioned: the Indian River provides a course for the Intracoastal 
Waterway practically throughout the total length of the lagoon. In addi- 
tion to the relatively deep twelve-foot planned depth, the initial and 
maintenance dredging of this 100-foot wide channel has provided 
numerous small spoil islands paralleling its course. Lasater (1971) 
provides a comprehensive physical and hydrographical description of 
the Indian River and adjacent lagoons including further discussion of 
the points mentioned. 

The portion of the Indian River directly encompassed by this study 
is the northernmost section as shown in Figures | and 2. This area was 
chosen for study for two reasons. First, asa result of the probable 
physical processes which formed the barrier islands this area should 
represent the geologically oldest part of the "river.' Secondly, the 
shoreline, with some exception, is relatively free of human disturb- 
ance. As such, it was felt that this section may represent natural 
background conditions. 

Man's influence is seen, however, in the railroad causeway which 
provides the northern boundary of the study area. The Intracoastal 
Waterway and its attendant spoil islands cut a diagonal course across 
the section from the railroad causeway in the south to Haulover Canal 


on the eastern shore, That portion of the shoreline from the causeway 


FIGURE 1 
Map of the | 


Indian River Lagoon 
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FIGURE 2 


Map of the Study Area in 

the north Indian River showing 
location of sample transect and 
stations. 
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to Hanieee: Canal consits of stands of mangroves and Spartina marshes, 
both in discontinuous contact with the lagoon ag a result of the construc- 
tion of mosquito control impoundment dikes. The remaining shoreline, 
excluding the impoundment dikes, is similar and relatively undisturbed. 
An industrial facility is located on the west shore and a railroad bed 
runs along that shore from the causeway for approximately half the 
distance to Turnbull Creek, 

Within the water body, the shallow waters fringing the shoreline 
are characterized by the presence of rather seecawige seagrass beds. 
The shoals are dominated by Diplanthera (shoalgrass) which is displaced 
as the dominant at depths greater than 0.5 meters by manatee grass, 
Syringodium (= Cymodocea). Patches of Halophila, another seagrass, 
have been observed among the Syringodium beds.. Also associated with 
the Syringodium beds are numerous algal species both free living, such 
‘as Gracilaria compressa, Acanthophora musciodes and Lyngbya sp., 


and epiphytic, such as Polysiphonia macrocarpa, Lyngbya sp., and- 


Ceramium sp. (Hartman, written communication). Attached seagrasses 
were not observed at water depths greater than 1.5 meters. At such 


depths, the macro-producers appear to. be predominantly macroalgal 


forms such as Gracilaria and Eucheuma. 
Hydrographic data for this portion of the river was collected 
quarterly by Lasater and Nevin (unpublished) during the period from 


June, 1972, through December, 1973, Little variation of salinity was 
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observed, either temporally or spatially. At sample stations of 
greater than 1.2 meters depth bottom water salinity values ranged from 
28-31 parts per thousand with a mean of 29. At shallower stations, the 
bottom salinity ranged from 30-33 parts per thousand with an average 
of 32. Bottom water temperature variation was somewhat greater, 
however, with ranges of 13-30,8° C, and 12-30,2° C, for depths greater 
than and less than 1.2 meters respectively. The average bottom water 
temperature for both deep and shallow stations was 24.9° C. over the 
entire period. 

Since current patterns are determined by wind direction and 
velocity (Dill, 1974) in this portion of the Indian River, it is relevant to 
point out some general aspects of these driving forces. Lasater (1971) 
found that the strongest winds (average ten knots) occur during the fall 
and winter from September to March and are generally from the north. 
During the spring and summer prevailing winds are easterly and of 
lesser velocity (average seven knots). The mean annual wind direction 
and velocity are easterly at eight knots. 

From this same data temperature and rainfall summaries have 
been obtained. The highest monthly mean temperatures occur during 
the months of July and August and the lowest during December, January 
and February. The maximum annual air temperature variation is about 
41° C. from a low of -4° C. to a high of 37° C. Maximum rainfall 


occurs from June to October with an annual mean rainfall of about 48 
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inches. Brown (1962) classifies this area of Brevard County, Florida, 
as humid subtropical with norma}! monthly temperatures of about 17° C. 
for January and 28° C. for August. He records an annual monthly 
temperature of 22. 5° C, and an average annual rainfall of about 50 
inches accumulating mostly during the period from May through 
October. 

These data suggest that the summer months may represent the 
maximum in climatological severity in relation to the marine life of 
the Indian River. Reduced circulation and mixing of the water colurrit 
as a result of decreased wind velocities and nighe® temperatures may 
result in oxygen depletion in summer (Odum, 1970, and O'Connor, 1472) 
Higher temperatures accelerating evaporation in the shallow water and 


greater rainfall during this period may contribute to wider fluctuations 


of salinity. 


Il. METHODS AND MATERIALS 


Bottom samples were taken during June and July, 1973, witha. 
Ponar grab. This small sampler provides grabs of approximately 
0. 05m- surface area and depths of 2-8 cm depending upon the character 
of the bottom.. The use of this grab as an all- sediment sampler is dis- 
cussed and recommended by Riaeien (1970). Further analysis of 
this grab and its effectiveness in Indian River samples is discussed by 
Zarkanellas (1973), In terms of safety and technical simplicit;, the 
Ponar grab was found to be more desirable than grabs of spring-loaded 
jaw design and other more mechanically sophisticated designs while 
working from a small open boat. | 

Sampling locations were selected along a north-south transect of 
approximately 6.4 nautical miles in length. The transect sampling 
scheme was selected in preference to a grid or random site sampling to 
ensure a gradient in depth and distance from shore. Locations of the 
fifteen sample sites along this transect are shown in Figure 2. 

It is generally accepted fiat apgregated populations commonly 
occur in nature. Small samples taken from areas exhibiting such dis- 
tributions would either exaggerate or neglect species importance depend- 
ing upon where in the distribution pattern the sample wx taken. 


Increasing the sample size or number of samples taken at each site 
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tends to recruit additional species according to a curve, exponential in 
form (Longhurst, 1959). In an effort to decrease the probability that 
additional species could be recruited, five grabs were taken at each 
site. These replicate grabs were then pooled in a 'sluice-box" and 
mixed by hand to provide an homogeneous and, theoretically, a random 
distribution throughout the pooled sample. The sluice box shown in 
Figure 3 was designed to take an aliquot equal to 175 x total area 
sampled by closing the inner gate subsequent to mixing. Such an 
aliquot reduces sorting effort while the theoretically random distribu-~ 
tion of the organisms in the sample allows the use of the aliquot as an 
estimate of the total sample. By removing the outer gate the aliquot 
was washed into a fiberglass tub modified frorn a method used by 
Sanders, et al. (1965). Organisms floated out of the tub were captured 
on a stack of screens; the smallest mesh size was 0.42 mm. Organisms 
were fixed in 10 per cent buffered formalin after relaxation for 10-20 
minutes in six per cent MgCl. The formalin was replaced after a 
minimum of twenty-four hours by 70 per cent ethyl alcohol for preser- 
vation. The samples were then carefully sorted in the laboratory, 
identified to species when possible, and counted. Only non-colonial 
species were counted. The convention used for counting provided that 
organisms or fragments of organisms that included the "head" should 
be counted. If no fragments of a species were found with a “head" that | 
species was quantified as a single occurrence. A few hours prior to 


sorting, Rose Bengal stain was added to the samples. This protein 


FIGURE 3 


Sketch of "Sluice Box'' showing 
inner gate in open position for 
mixing of pooled samples. 
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stain allowed easy detection of small invertebrates among the. she™ 
debris in the sample resulting in an estimated recovery of almost all 
of the organisms present. 

Paveneaae nomenclature used in this study follows Abbott(1954), 
Andrews (1971) and Warmke and Abbott (1962) for Mollusca, Hedgepeth 
(1948) for pycnogonids, Renaud (1956) for some polychaetous annelids 
. and Smith (1964), Miner (1950), and Gosner (1971) for other polychaetes 
and all other taxa. Individual exceptions are noted in parentheses 
following the binomial. 

At each station, bottom water and sediment temperatures were 
measured in situ with a thermister probe. Water samples were taken 
using a modified VanDorn bottle (Wildco). Dissolved oxygen concen- 
tration was determined by Winkler titration (Standard Methods for the 
Bxamination of Water and Wastewater, 1971). Salinity was measured 
by ‘means of _ handheld optical refractometer. Beckman Model G pH . 
meters were used for measurement of pH and redox potential, using 
platinum and calomel electrodes for the latter, Sediment samples were 
taken from the unused portion of the pooled grab samples for analysis 
of particle size distribution and iat carbon content. These sedi- 
ment sanigees follow methods described by Holme and McIntyre (197"). 

Statistical analyses were performed on a Monroe programmable 
calculator. Statistical program packages included one-way analysis of 
variance (4021 J), two-way analysis of variance (4500 J) and linear 


regression (4505 J) provided by the Monroe Calculator Company. 
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Diversity curves were calculated using the euneia ction method 
described by Sanders (1968). The species in a sample are ranked by 
abundance, and the percentage composition of each species and the 
cumulative percentage are plotted. Using the data collected in this 
study from sample Station TR 14 as an example (Table 1), there are 
100 individuals and 12 species, To determine the number of spec).s 
at the 50- individual level, the percentage composition remains the same 
as in the original sample, but the number of individuals is reduced to 
50. Since 50 specimens in this reduced sample represent 100 per cent 
of the individuals present, then each individual specimen forms two per 
cent of the sample. In the original sample, seven species each comprise 
two per cent-or more, and in total they cornpose 95 per cent of the 
sample by number. Therefore, each of these seven species will be 
present in the reduced sample. This leaves a residue of five per cent 
of the original sample comprising the remaining five species. Because 
none of these Species forms more than two per cent of the original 
sample, those species of this group that will appear in the reduced 
sample cannot be represented by more than one individual. Since one 
speciment comprises two per cent of the reduced sample, therefore 
5%/2% = 2.5 species; 7 + 2.5 = 9.5 species (which may be rounded off 
to 10 species) present per 50 individuals. 

The determination of species per 25 individuals is as follows: 


(1) since each individual represents four per cent of the sample, then 


TABLE 1 


Sample from station TR 14 with 
100 individuals and 12 species. 
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Rank of ences Number of % of Cumulative of 
by Abundance Individuals Sample Sample % _ 
Vig 4k need andes dns 43 43 43 
Pw eens ieee ia 26 26 69 
Derateite ecg aaron at 8 8 77 
Beds utd coke lung 8 8 85 
Bi is eens De Sle 4 4 89 
ereare rere. 3 3 92 
TS stares 2 si ret 3 | 3 | 95 
ee Mie babds 1 1 96 
G ideale as A tet 1 1 97 
Oy on uheneae 1 1 - 98 
1 Career araeaecaree l 1 99 
Vlei enh ood Baca 1 1 100 


Total Number 100 
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(2) five epecies in Table 1 each comprise < 4% of the fauna and 
cumulatively = 89% of the sample; (3) the residue = 11% of the sample; 
11%/4% = 2.75 species: and (4) 5 + 2.75 = 7.75 species per 25 
individuals. 

Using this technique, arithmetic plots of the number of species 
at different population levels up to the total number of individuale are 
made. The plot for Station TR 14 is shown in Figure 4. The curvili- 
near nature of the line is due to the fact that individuals are being 
added at a constant rate but progressively rarer species are added at 
a continuously decreasing rate. The curve itself gives the interpolated 
number of species at the different population levels, Each environment 
seems to have its own characteristic rate of species increment 


(Sanders, 1968). 


FIGURE 4 


Arithmetic plot of the number of species 
at different population levels using the 
rarefaction methodology for the sample 
from station TR 14. 
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WY. RESULTS 


Since the sampling program in this study was carried out ona 
relatively small scale, it was important to dcterinine if any significant 
changes are detectable both in the biological pararneters and the 
physical and chemical parameters. To accomplish this throug. st-tis- 
tical analyses it was necessary to divide the data into two or more 
groups. Rather than choosing a random grouping sequence, it was 
decided that more relevant grouping might be accomplished if ordered 
according és any faunal associations that may be present, 

The method most frequently used to demonstrate the grouping 
‘of individual samples into discrete aggregates is through the use of a 
trellis diagram formed By comparisons of the vaines of some index of 
similarity between satnpies taken two at a time for all possible combina- 
tiéns of sarinlea: Several different measures of association have been 
discussed by Nichols (1970) with the conclusion that the value of a par- 
ticular index depends on the use to which it is pul. For the purpose of 
this study, ae the existence of associations in terms of the species 
shared among ae various samples was sought. To this end, the index 
of similarity proposed by Bray and Curtis (1957) was chosen without 
their subsequent modifications to reflect the relative success of shared 


species between stations. This index of similarity (S) is similar to that 
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of Sorenson (1948) and is represented by the formula 
S = 100 (2w/a + b) 

where a and b are the numbers of species at two stations and w is 
the number of species common to the two stations, The score thus 
determined actually seueeacnts the percentage of species shared by the 
two stations compared. The major dissdvantace of this index as used 
in this study is that it generates no statistic that can be utilized to 
determine the significance of the differences or similarities (Nichols, 
1970), but, as will be shown later, statistical significance of differ- 
ences between the assemblages can be shown using other faunal indices. 

The trellis diagram shown in Figure 5 was generated from the 
species distribution list in Appendix A using the Bray and Curtis index 
of similarity as discussed previously. The Ainpeseehows at least two 
relatively distinct communities based on species similarities alone. 
The first assemblage, A) _ 4, consists of Stations TR 1 through TR 4. 
A second Secbenliage encompasses Stations TR 5 through TR 12. Within 
this second ecemuiags a further, less distinct, separation occurs in 
the vicinity of Stations TR 8, TR 9, and TR 10. ° To facilitate statistical 
comparisons, this assemblage has been separated into two sub- 
assemblages, As . 8 ana Ag . 12: The relatively weak similarities 
shown in Stations TR 13, TR 14 and TR 15 either among themselves or 
when Seinpared te all other stations inaiesee either that they represent 


samples from another distinct community or that they are portions of 


FIGURE 5 
- Trellis diagram generated by index of 


similarities between sample stations along 
the transect. 
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the samc community subjected to a different set of environmental con- 
ditions. These stations are, therefore, treated separately from the 
first twelve stations. 

On the basis of recognition of at least two distinctly separate 
assemblages the transect can be divided, arbitrarily, into two biotopes. 
Assemblage A, _ 4 represents the fauna of the first biotope, character- 
ized by dense vegetation. The assemblages Ag _ g and Ag ~ 12 Trepre- 
sent the fauna of the biotope having sparse or no vegetation. Using 
these divieiece: with the assumption that their differences are signifi- 
cant, analyses such as analysis of variance can be used to examine the 

. various environmental parameters which may heishuociated with the 


differences between these assemblages, 


A. Depth 


This. segment of the Indian River is peiseiyeis shallow with a 

. pataialiysoccateina maximum depth of about 2. 25 meters. A maximum 
dredged depth of 3.25 meters along the transect was obtained at Station 
TR 13 in the channel. Since stations along the transect were selected 
with respect to depth, no statistical treatment of this parameter woulu 
be valid. On the basis of the assemblage groupings it would appear that 
convenient divisions of the transect at one meter depth intervals are 
acceptable. Assemblage Ay, _ 4 is represented by weacione in less than 


one meter of water. Assemblage Acs _ g ip made up of stations at 
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depths in the range of 1-2 meters. The remaining stations are located 
at depths of two meters or more, Station TR 13 again was the only 


station in more than three meters of water (Figure 6). 


B. Sediments 


Several authors, as mentioned previously, have found that the 
nature of the substrate is the most significant physical parameter affect- 
ing the distribution of benthic fauna. Conversely, McNulty (1962) and 
Bloom, et al. (1972) concluded that the sediment character appears €3 
play a less important role in determining faunal distributions in two 
Florida bays. The difference appears to lie in the sampling scale. 
Sanders (1958) and Lie (1974) sampled very large areas encompassing 
a wide variety of sediment types. The studies of McNulty and Bloom 
covered gerne @hat smaller areas where sediment characteristics were 
not so variable. The eeaane of the sediment analysis of this study 
reveal an average median grain size for all stations along the transect 
of slightly less than . 125 mm (3.07 @) indicating the predominance of a 
very fine grained sand. This value changed little when only the first 
twelve stations were considered (3. 06 g). Without exception, the only 

‘particles exhibiting a grain size of greater than 0.25 mm in diameter 
were shell debris and Supeaunies of polychaete worm tubes. When two- 
way analysis of variance was used to compare the sediment parameters 


of median grain size, sorting coefficient, and per cent of silt and clay 


FIGURE 6 


Depth contour along transect. Vertical 
distortion is approximately 2000:1. Sample 
stations are placed at approximate distances 
along the transect, 
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among the three assemblages, no significant differences between the 
variances were revealed (<=0.05). The variations between stations 
within the assemblages were greater than the variations betwi en assem- 
blages. While the greater variations between stations were not signi- 
ficant either (e¢= 0.05) these variations would seem to indicate that 
sediment characteristics over a relatively small soattal scale are the 
resultant of very localized effects. It is probable that the redistribu- 
tion of the sediments is greatly dependent upon the shallow water 
currents which are primarily wind driven (Dill, 1974). With this 
resultant uniformity in sediment characteristics, no strong variations 
in faunal ae would appear attributable to the physical nature of the 


sediment in terms of particle sizes, 


C. Salinity 


In general, the transect sampling demonstrated a salinity gradient 
from north to south as shown in Figure 7. Except where otherwise 
stated, all the water parameters are those wexeurementa taken at the 
bottom of the water column within 20 centimeters of the water-~sediment 
interface. The salinity variations appeared to be only weakly significant 
(= 0.05) spatially along the transect but more so than salinity varia- 
tions with fe aeues to time (Table 2). Two stations (TR 3 and TR 7) 
along the transect were arbitrarily selected for investigation of 


seasonal as well as diurnal fluctuations in water parameters. Diurnal 


FIGURE 7 


Salinity values measured along the 
transect. Stations are shown at 
approximate distances relative to 
"one another. 
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TABLE 2 


Spatial differences in the variances 
of salinity. Stations grouped according 
to faunal similarities using the F test. 
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Assemblages Compared Calculated F Tabulated F at <=0. 05 
Ay,.4:As5.g:Ag_ 32 4.36 4.26 
Ar. 4:[As-8 + Ao. 12] 5.85 4.96 


As-8:A9_12. 8. 00 5.99 
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variation . salinity was 0.1 per cent for both summer (2. 8-2.9 per 
cent) and winter (3. 0-3. 1 per cent) and the maximum seasonal varia- 
tion for the two reference stations was 0.3 per cent. Hutchinaek (1973) 
calculated the instrumental error of the refractometer used in these 
studies as : 0.12 per cent. Thus it seems the observed temporal 
variations may be more of a result of experimental error rather than 
real variations. 

The data of Lasater and Nevin (unpublished) agree in part with 
these observations, in that their stations north of the Intracoastal Water- 
way showed bottom salinity fluctuations over the period 1972-1973 of 
only 0.1 per cent, again within the range of experimental error. But 
in the vicinity of the railroad causeway, temporal fluctuations of 0.75 
per cent salinity were observed. This would seem to indicate that the 
effects of precipitation and rate of evaporation in the shallow northern 
area are in temporal equilibrium while the water in the vicinity of the 
causeway is subjected to dilution as a result of fresh water run-off from 
the eres If Turnbull Creek indeed represents a major freshwater 
input to the Indian River in this sector, then it's influence appears to be 
localized near its mouth with the shallow waters beyond its mouth 


rapidly dampening its impact. 
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D, Temperature and Dissolved Oxygen 


The third important environmental factor which affects benthic 


faunal distributions is temperature. In the estuarine environment, 


temperature appears to affect an organism's ability to withstand reduced 


salinities (Hedgpeth, 1957). Temperature directly affects marine 
organisms in such areas as metabolic rates and enzyme activity, and 
indirectly, temperature affects organisms through its effect on the 
solubility of oxygen in water. Asa result of this last effect, these two 
parameters will be discussed together. 

When the values of dissolved oxygen and temperature obtained 
during the transect sampling (Figure 8) were subjected to analysis of 
variance, the only significant difference (= 0. 05) between areas 


represented by faunal assemblages occurred between the vegetated 


(Ay . 4) and sparsely vegetated (As _ g + Ag _ 12) areas (Table 3). 


This difference was sufficiently weak so that the null hypothesis 
(i.e., no difference) would be accepted at © = 0. Ol, 

Since these samples were taken on different aad and at different 
times of the day, it appeared possible that the observed difference might 
be the result of temporal rather than spatial daaons: To test this 


possibility, two reference stations were selected for diel and seasonal 


-. sampling. Station TR.3 was selected to represent the vegetated area 


and TR 7 was selected to represent the area with no rooted vegetation. 


Station TR 3 showed a weakly significant seasonal variation in | 


FIGURE 8 


Temperature and dissolved oxygen values 
measured at stations along the transect. 
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TABLE 3 


Analysis of the variances of bottom 
water temperature and dissolved oxygen 
between station assemblages character- 
ized by attached vegetation on those with 
little or no vegetation in the summer 
using the F test, 


53 


Dissolved Oxygen 


Temperature 


Calculated F 


Tabulated F 


O=0.05 
4.96 


4.96 


X=0.01 
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temperature while Station TR 7 did not (Table 4). Diel temperature 
variation was not significant at either station. Dissolved oxygen values 
showed strongly significant differences (= 0. 01) seasonally at both 
stations and weakly significant (= 0.05) differences over a 24-hour 
period at Station TR 3 only (Table 5). Per cent oxygen saturation 
values calculated from the same data revealed vhat the daily range at 
the shallow station was from 26 to 74 per cent during the summer and 
65 to 113 per cent in winter. During the summer, the oxygen satura - 
tion at the deep station ranged from 32 to 45 per seat and during the 
winter from 100 to 116 per cent. 

A comparison between Stations TR 3 and TR 7 for each season 
revealed no significant differences bi the variances of temperature or 
dissolved oxygen. However, a comparison of the mean values of these 
parameters, using Student's t test, gave different results. The mean 
diel temperature and dissolved oxygen concentration was significantly 
higher at Station TR 3 in the summer sampling (Table 6). Among the 
winter samples there was no significant difference between the stations 
in terms of mean diel temperature but,in terms of dissolved oxygen, 
Station TR 7 now displayed a significantly higher mean diel value. The 
winter and summer temperature and dissolved oavean profiles over the 
24-hour periods are shown in Figures 9 and 10 respectively. 

In summary then, daily temperature variations were not signifi- | 


cant at either station and only the shallow station revealed a significant 


TABLE 4 


Two-way analysis of variance of diel 
and seasonal variations in temperature 
at shallow (TR 3) and deep (TR 7) 
stations using the F test. 


Station 


TR 3 


TR7 


Type of 


Variation 


Seasonal 


Diel 


Seasonal 


Diel 


Variance 


51.98 


2.92 


0. 96 


3. 83 


Calculated F 


19. 6 


Tabulated F 


7.71 


224, 58 


‘Level of Significance (0) 


0 


05 


05 


Ls 


TABLE 5 


Two-way analysis of variance of diel and 
seasonal variations in dissolved oxygen 
at shallow (TR 3) and deep (TR 7) stations 
using the F test. 


58 


Station 


TR 3 


TR7 


Type of 


Variation 


Seasonal 


Diel 


Seasonal 


Diel 


Variance 


27.19 


3.98 


72.36 


0.25 


Calculated F 


82. 64 


12.1 


Tabulated F 


Level of Significance () 


0.01 


6S 


TABLE 6 


Comparison of mean daily water 
temperature and dissolved oxygen 
concentration between deep and shallow 
stations by season using Student's 

t test. 
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Parameter 


Dissolved Oxygen 


Temperature 


Season 


Summer 


Winter 


Summe r 


Winter 


Calculated t 


16 


272 


25.3 


1.9 


Tabulated t 


3. 355 


37355 


3.355 


2. 306 


Level of Significance (&) 


0.01 


0.01 


19 


FIGURE 9 


Temperature profiles at shallow and deep stations 
over a 24-hour period in summer and winter. 


62 


*C 


TEMPERATURE 


23 


SUMMER 


TIME tours) 


9 


FIGURE 10 


Dissolved oxygen concentration profiles 
at shallow and deep stations over a 24-hour 
period in summer and winter. 
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seasonal variation. Mean diel temperature was significantly higher in 
the shallow station than in the aeep station during the suminer while nu 
difference was observed between the shallow and deep stations in winter. 
Dissolved oxygen concentration and oxygen saturation values varied 
significantly both seasonally and dielly in the shallow vegetated station, 
whereas only seasonal variation was seen in the deep station. The 
average dissolved oxygen concentration and saturation over a 24-hour 
period at the shallow station was the higher value during the summer 
and the lower value during the winter. Relatively stable conditions with 
respect to oxygen and temperature appear to occur in the deeper water 


compared to the widely fluctuating conditions of the shallower waters. 


E. Organic Carbon 


Using the values obtained for the organic carbon content of the 
sediments (Figure 11), three areas of difference are distinguishable. 
The first of these is the sandy bottom devoid of rooted vegetation. The 
percentage of organic carbon in these sandy sediments was uniformly 
less than one per cent, and no significant variation in organic carbon 
content was distinguishable between groups of stations representing 
assemblages Ag _g andAg _ 12. The mean value for these samples 
was 0.8 per cent. A significant difference (“= 0. 05) was evident 
between these samples and the ones taken from the grass flats. The 


stations represented in assemblage, A, _ 4 revealed a mean value of 


FIGURE 11 


Organic carbon content of sediment 
at stations along the transect. 
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1.36 per cent organic carbon in the sediments. The values for samples 
from vegetated areas were, with one exception, greater than one per 
cent, 

The third area of difference in organic carbon content of the sedi- 
ments is represented by only one sample. Station TR 13, located 
directly in the channel exhibited the highest organic content of all 
stations, with a value of 2.18 per cent. Higher values of organic 
carbon content were obtained in samples taken from dredged borrow 
pits in the nearby Banana River (4.0 and 8.9 per cent) indicating that 
these dredged "holes'' become sedimentary traps. The lower values 
obtained from the navigational channel at Station TR 13 is probably the 
result of the periodic maintenance dredging which removes the trapped 
sediments to spoil areas outside the channel. 

However, located close to the channel in the gap of the railroad 
causeway, Station TR 15 provided the sample with the lowest organic 


carbon content (0. 34 per cent). 


F. pH 


Measurements of pH were taken at each station and at the refer- 
ence Stations TR 3 and TR 4 during the 24-hour study periods to deter- 
mine possible changing conditions within the carbon cycle. As the 
carbon cycle equilibrium is disturbed, ‘ change in pH may reflect the 


direction and possibly the magnitude of such a change. For instance, 
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in a closed system or one with minimum circulation, the removal of 
CO2 from the water by photosynthetic activity would result in a rise in 
pH. In tidal pools dominated by green algae during periods of high 
photosynthetic activity, values of pH = 10 may be experienced (Zottoli, 
1973). In this study, pH values for bottom waters ranged from 6, 62 to 
8.75 with a mean value of pH = 7.94 (Figure 12). The highest value 
(pH = 8.75) occurred at Station TR 2 which was shallow (41 cm) and had 
the highest density of attached seagrass (358 dry wt/m2), Since remo- 
val of COs results ina Hise in pH, the addition of COz under the same 
conditions by high community respiration would be expected to produce 
a lowering of the pH. Thus it is not surprising that the lowest values 
for the pH of bottom water were found at the two deepest stations. 
However, neither temporal nor spatial variations in pH values were 
found to be significant (“<= 0.05). Apparent pH of the sediments was 
measured along the transect and were found to be generally slightly 
lower than the pH of the bottom water with a mean pH of 7.59. This is 
probably the result of the respirational activity of microorganisms 
involved in the breakdown of the organic detritus in the sediment. The 
hivhest pH value for the sediments (pH = 8,35) was found at Station TR 2. 
Station TR 15 which had the lowest pH value for the bottom water had a 
very high sediment pH value (8.30), While this represents an apparent 
anomaly, it may be explained by the low percentage of organic carbon 


(0. 34 per cent) resulting in lower community respiration and perhaps, 


FIGURE 12 


pH of bottom water and subjacent 
sediments along the transect. 
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in part, by the observed satente of a considerable amount of shell 
fragments in the sediment. The latter is evidence of long-term high 
pH conditions (K. B. Clark, personal communication). 

Since a primary value of pH measurements in aquatic systems is 
aS an indicator of photosynthetic activity versus community metabolism 
(Zottoli, 1973), it was somewhat disappointing to find no diel fluctuations 
in pH during the 24-hour studies conducted in January, 1974. During 
this study, equipment malfunctions forced the selection of a pH color 
comparator to Ge used in the measurements, A range of pH values from 
8.4 - 8.6 over the entire 24-hour sampling. period at both stations 
appears to allow only two hypotheses: (1) the low sensitivity of the test 
precluded the observation of expected changes, or (2) the possibility of 
ieniaeca ciredlatian in the winter provided an uniformity of mixing thus 
preventing localized "buildup" and reduction in either time or space. 
The temperature and dissolved oxygen fluctuations, or lack of them, 
observed during this period provide considerable support for drawing 
the latter hypothesis toa conclusion. 

It should be mentioned here that the sampling schedule prevented 
the addition of pH measurements to the 24-hour sampling period during 
the summer of 1973. The few samples taken at that time did not differ 
appreciably from those values obtained during the original transect 


sampling. 
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G. Redox Potential 


For the twelve stations north of the dredged channel, no signifi- 
cant spatial variation in the redox potential of the bottom waters was 
found (C= 0.05). All values were greater than zero (i.e., positive) 
with a mean value of Eh = +172 mv (Figure 13). Only the three stations 
in proximity to the channel (TR 13, TR 14, and TR 15) exhibited values 
less than zero with a mean Eh of —533 mv. Conversely, with only one 
exception, all the sediment values were less than zero (i.e., negative) 
with a mean Eh of ~442 mv. The exception, Station TR 2, having a 
sediment with an Eh of + 192 mv is probably explainable in terms of 
the high apparent photosynthetic activity as evidenced by the high plant 
biomass, the high pH discussed previously and the highest dissolved 
oxygen concentration (9.4 ppm) measured along the transect. While no 
significant difference in sediment redox potential was demonstrated 
between vegetated and non-vegetated areas, this was the only signifi- 
cantly different environmental parameter other than salinity between the 
two non-vegetated areas represented by assemblages Ag _ 8 and 
Ag.. 42. The calculated F value for analysis of variance of 34,14 was 
greater than the tabulated value of F = 13, 74 at the one per cent level of 
significance. The agreement between a grouping of the stations accord- 
ing to the sediment Eh values and the divisions of faunal assemblages 
can readily be seen by comparing the bar graph in Figure 14 with the 


assemblage groupings in Figure 5. The lack of any apparent agreement 


FIGURE 13 


Redox potential of bottom waters along 
the transect. 
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FIGURE 14 


Redox potential (Eh) of sediments 
at stations along the transect. 
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79 
between the taunal assemblages and the sediment redox potential in the 
high vegetation areas is perhaps cxplainable by the presence of the 
rooted vegetation itself. In a detritus based food chain energy avaii- 
ability for detritus feeders is low in newly deposited plant detritus 
although organic carbon is high. (Odum and de la Cruz, 1967). This is 
apparently due to the not easily assimilable lignin and cellulose of th» 
plant cells. Time and the activity of plant scavengers such as isopods 
are probably required to breakdown the plant detritus into forms 0» 
particle sizes more easily attacked by microbes. Thus a lack of a 
correlation between total organic carbon and sediment Eh may be 
anticipated in such areas. Considering the above arguments, it is 
suggested that the organic carbon content in these areas may be more 
closely related to the diversity and density of the organisms involved 
in reworking the plant detritus. 

Dissolved oxygen concentration per se of the water column above 
the sediments would not necessarily be correlated with either the total 
organic conient or the redox-potential of the sediment. This would be 
especially true in the grassy areas. It should be apparent, however, at 
this poirt that some relationship does exist. Both Eh and organic car- 
bon are commonly used as indicators of oxygen availability or stress 
(Odum, 1°71, and O'Connor, 1972), It is proposed that the Eh may be 
used as an indicator of the resultant effects of the availability of both 


oxygen and assimilable food to the community, since the redox potential 
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is affected by both inputs of oxygen (e. g., as a result of photosynthesis) 
and community metabolic activity (e. g., the reduction of organic mate- 
rials to easily oxidizable forms) (Odum, 1971, and Zottoli, 1973). 

If oxygen is less available at depth either as.a result of reduced 
photosynthetic input or reduced circulation from the surface waters, and 
if organic detritus is transported to deeper waters and becomes more 
"trapped" at depth a relationship may be seen between the sediment En 
and depth. Figure 15 shows that as the depth of stations along the 
transect increases, the redox potential of the sediment decreases. This 


correlation is significant at oC= 0.05, 


H. Diversity Indices 


Some of the problems inherent in the selection of a suitable index 
of diversity have been discussed previously. In addition to those 
problems, it has been suggested that, as a result of definitional differ- 
ences there is no reason to suspect that any two indices of diversity will 
correlate with one another (DeBenedictis, 1973). In view of this, a 
variety of diversity indices have been used in this study, each one being 
suited to a particular task, 

The mathematically simplest and most direct index of diversity 
used is the number of species per station, Since all samples were 
taken by means of a grab which sampled a uniform area of the river 


bottom in each case, the number of species at each station can be 


FIGURE 15 


Linear regression of sediment Eh on depth at 
stations with sparse to no vegetation. 
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related to a unit of area (0.05 m?). The question wert size 
independence is not directly encountered since the number of individuals 
is not part of the Svopceienal fraction (species/area). This type of 
index of diversity has been used by Whittaker (1965) for terrestrial 
plant communities. The limited motility of benthic organisms relative 
to the motility of terrestrial and pelagic aquatic aerate allows the 
use of plant methods of quantification as long as the sampling area is 
sufficiently large to allow the inclusion of dominant and rarer species. 
Whittaker (1965) suggests that such a rmneans of determining diversity is 
the most convenient way to compare diversities in different communities.. 

The component of diversity that is represented by the number of 
species per unit area is most properly called apecies richness. 
Table 10 shows the species richness value for all stations along the 
transect, The species richness for the stations included in the assem- 
blages identified in the trellis diagram were compared by analysis of 
variance in three combinations. The results are shown in Table 7. The 
Significance of the differences in the variances of the three assemblages 
in terms of species richness is sufficient to support the assumption of a 
significant difference among the assemblages, 

Species richness varied significantly among all three assemblages 
considered separately as well as between the assemblages at stations 
characterized by rooted vegetation and sparse or no vegetation. 


Between the two assemblages found in the absence of vegetation, species 


TABLE 7 


Comparison of species richness values 
between faunal assemblages. 
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Faunal Assemblages Compared Calculated F Value F Value at “= 0.01 


As.giAg_i2 34,14 13.74 
A,.4!Asg_g : Ag.12 23.99 8. 0Z 


$8 
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richness was the only faunal diversity index that differed significantly. 
It was shown previously that the only physical parameters that had 
significantly different variances between assemblages A, _ 7 and 
Ag. 12 were salinity (= 0.05) and sediment Eh (@= 0.01), Linear 
regression analysis was performed to determine any correlation bet- 
ween species richness and these two physical parameters. No signifi- 
cant correlation (= 0.05) was observed in the regression of species 
richness on salinity but species richness was significantly correlated 
with seaitnt Eh (Figure 16). As the reducing environment of the sedi- 
ment increased there is a resultant decrease in the number of species 
present. It appears, then, that the absence of the rooted vegetation to 
directly supply higher concentrations of dissolved oxygen in the face of 
high metabolic activity in the sediments limits the number of member 
species that can exist. 

The second index of diversity used is one based on information 
theory to determine the evenness component of diversity. As a measure 


of evenness of finite collections, the ratio H/F as is preferable (Pielou, 


19¢5}. In sucha ratio, the value of N (sample size) becomes irrelev- 
ant since for large N, Hoe, Oe 8. Values for H, the observed 
species diversity, were calculated using the formula of Brillouin 
'1962}. Logarithms of factorials were taken from published tables 
{Rohlf and Sokal, 1969) for values up to 500. Stirling's approximation 
to the logarithm of a factorial in the form 


log N !-~N (log N - 1) 


FIGURE 16 


Linear regression of species richness 
on sediment Eh for stations with sparse 
or no rooted vegetation. 
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was used for any N #500. Values for Hinax Were also calculated 


a. 
directly for all N<@ 500. The approximation to maximum possible 
diversity of a population of a given N and s (the number of species) 
in the form 

Hinax 108 8 
was used where N 500. The possible range for the evenness ratio 
extends from zero to one, The higher the value, or as the value 
approaches unity, the greater the evenness of distribution among the 
species. Values for the species evenness at all stations along the tran- 
sect are shown in Table 8. In general, as with species richness, species 
evenness wan greater in the seagrass flats than in sandy Behiaas stations 
without rooted vegetation. 

As can be seen in Table 8, the highest besten value as well as 
the lowest species richness value was obtained at Station TR 13, the 
deepest station along the transect. Although depth variations were not 
significant among the sparsely vegetated Stations TR 5 through TR 12, 
the effects of depth as a buffer against climatological fluctuation is a 
major component of this thesis. Therefore, the occurrence of dis- 
tinctly opposing values of the two components of diversity led to the 
comparison of both species richness and evenness with depth using those 
stations with little or no vegetation. 


Water depth appears to be strongly correlated with species rich- 


ness and evenness but in opposite directions. In the absence of vegeta- 


TABLE 8 


Information diversity values for stations along 
the transect. 
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STATION Diversity (H)* Evenness (J 
TR1 4,53 .81 
TR2 ~ 4.99 - 98 
TR 3 | 5.44 . 98 
TR4 4,24 . oS 
TR5 1. 66 . 32 
TR 6 3.50 . 68 
TR 7 33 45 . 70 
TR 8 2.93 | 62 
TRY 3.73 | . 80 
TR 10 3.95 . 88 
TR11 2.14 | . 56 
TR 12 2.35 59 
TR 13 0.90 1.00 
TR 14 2.28 | . 70 
TR 15 3. 70 . 81 


*Brillouin index, see text 


**Pielou's evenness index, see text 
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tion the number of species decreases with increasing depth (Figure 17) 
and the evenness increases (Figure 18). 

While it is difficult at this point to determine whether these 
opposite relationships between species richness and evenness with depth 
are real or artifactual, the possibility of such an occurrence is stated 
by Hurlbert (1971). If these two components of diversity increase in 
opposite directions with respect to the same parameter, the net effect 
on diversity appears to be determined by sample size. From the for- 


mula for Lae in the form 


Ho 41 x , 
max ~ N ~°82 (m'!)8-T ((m'+ 1) $] r 


the distribution of m' individuals among s species is weighed. This 
corresponds to the evenness component of diversity. However, for 
large N the maximum possible diversity is approximated as a function 
of the species richness only. Thus it is implied that the evenness with 
which individuals are divided among the species decreases in import- 
ance as sample size increases, This trend will be seen again in the 
rarefaction curves used as indices of diversity. Asa result, with 
diverging values tor species richness and species evenness, the former 
~vill have the greater influence on diversity in large samples and the 
latter will be more important in small samples. 

The rarefaction method of determining species diversity (Sanders, 
1968) was employed in this study for two purposes. First, the method 


provides graphical representation of species diversity independent of 


FIGURE 17 


Linear regression of species richness 
on depth. 
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FIGURE 18 


Linear regression of species evenness 
on depth. 
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density or sample size. This facilitates comparison of data from 
studies in other geographical Incations. S2cond, the curves obtained 
provide a relative measure of bilogically accommodated versus 
physically controlled portions of the total community. According to 
Sanders, the closer a curve approaches the abcissca, the more bio- 
logically accommodated is the community. Conversely, the closer the 
curve approximates the ordinate, the greater the role that physical 
factors may be expected to play in species Atel baten The shape of 
the curve is determined by the evenness component and the final value 
by the species richness. Thus at small sample sizes the evenness com- 
ponent is of considerable importance in determining diversity. As 
sample size increases, the species richness component becomes 
increasingly more important. 

The curves generated by the data from each of the fifteen stations 
along the transect are shown in Figure 19 and the corresponding data 
tabulated in Table 9. The curves provide the same saveeal indications 
as did the previous diversity indices. High diversity is found at those 
stations characterized by dense rooted vegetation, that is Stations TR 1 
through TR 4. The end point of the curves represents the actual num- 
ber of species and individuals sampled at each station. 

Four of the stations exhibited distinctly higher curves, and by 
Sanders' definition are subject to a greater degree of biological accom- 


modation than the other stations. This means that one might expect a 


FIGURE 19 


Rarefaction curves for all stations on 
the transect. 
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TABLE 9 - 


Rarefaction data for all stations on the 
transect. 


Actual # 


Station Indiv/Spec. 2000 1000 500 200 100 50 


TR iI 2008/49 45.5 40 31.5 24.7 18.2 
TR2 1463/34 32.7 31 23.7 22.4 18.1 
TR3 1361/50 48.1 44.2 36.3 28.0 21.1 
TR4 1314/49 47.6 42.6 32.1 25.1 17.8 
TRS 759/35 | 31.6 22.3 15.5 9.8 
TR 6 716/35 . 30.4 22.4 17.7 12.8 
TR7 568/31 29.3 20.7 15.0 11.2 
TR 8 376/31 25.9 20.1 15.90 
TRY 689/25 23.6 19.8 15.1 10,7 
TRiG 527/22 Zi.6 17.5 13.1 10.5 
TRI (175/17 13.1 10.4 
TRI2 = 177/19 16.0 12.8 
TR 13 4/3 

TR14 100/12 12 9.5 
TR15 148/35 30.8 23.2 
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closer coupling between species and their total environment. Such 
“coupling might be detected in the significance of correlations between 
organisms and some parameter that may influence their aicieibution: 

In order to test the above hypothesis, some general assumptions 
must be made, While remaining cognizant of the fact that morphologi- 
cal features do not provide unquestionable proof of an organism's posi- 
tion in a food chain, it is possible to divide organisms into basic trophic 
feeding types such as deposit feeders, suspension feeders, carnivores 
and scavengers (Bloom, etal., 1972, Sanders, 1958, Rhoades and 
Young, 1970). Such a breakdown was accomplished for each station 
sampled, (Table 10). Information on feeding habits of the various 
species was obtained from the various taxonomic references as well 
as Bloom, et.al. (1972), Barnes (1963) and Zottoli (1973). In addition 
to assuming that organisms may be so distinctly divided according to 
feeding type, it must also be assumed ‘that at a given level of environ- 
mental stability, the number of organisms that may be supported in a 
community is dependent upon the amount of energy available as food. 

If the organic carbon content of the sediment may be used as a measure 
of the amount of food available to deposit feeders, it follows, then, that 
as stress on a community is reduced the number of deposit feeders 
will be correlated with the amount of organic carbon in the sediment. 

As seen in Figure 19, Stations TR 15, TR 3, TR 4 and TR 1 are 


the most biologically accommodated or, in other words, the least 


TABLE 10 


Summary of abundance of trophic feeding 
types at each station (DF = deposit feeders, 
SF = suspension feeders, C/S » carnivores/ 
scavengers, H/S * herbivores/scavengers, 
EP = ectoparasitic, C * carnivores), 
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TROPHIC FEEDING TYPES DISTRIBUTION 
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H/S EP 
25 25 
90 3 
29 3 
60 4 
3 3 
1 r 
2 0 
0 2 
0 0 
0 0 
0 0 
0 ) 
Q 0 
0 0 
1 ] 


12 


11 


% SF 
3.94 


33.36 


21.30 
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stressed stations, Using linear regression, a significantly (“= 0.05) 
positive correlation was found between the number of deposit feeders 
and the organic carbon content of the seditnents for these stations 
(Figure 20). A similar regression was performed between the number 
of deposit feeders and the organic carbon content of the sediments for 
Stations TR 9, TR 10, TR 11, TR 12, and TR 14 which were selected 
to represent more physically controlled or stressed stations. This 
correlation was negative but not significant (Figure 21). Acceptance of 
the null hypothesis often only implies that there were not enough data 
to permit rejection. However, since more data points were used in the 
latter test, acceptance of the null hypothesis, with the conclusion that 


no correlation in fact exists, is probably valid. 


I. Comparisons with Other Studies 


While uniformity of methodology remains something to be hoped 
for in studies of the marine benthos, the methods used herein provide 
the capability of limited comparison with at least two previous studies. | 

Using the rarefaction techniques, some comparison is possible 
with the work of Sanders (1968). In sampling a wide variety of com- 
munities; Sanders established ranges of rarefaction curves for both 
boreal and tropical estuaries. Since Sanders used only polychaete and 
bivalve species in his calculations, similar curves were calculated 


frorn the Indian River data (Figure 22), The curves for Sanders’ 
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FIGURE 20 


Linear regression of the number of deposit 
feeders at biologically accommodated stations 
on the organic carbon content of the sediments. 
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FIGURE 21 


Linear regression of the number of deposit 
feeders at physically controlled stations on 
the organic carbon content of the sediments. 
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FIGURE 22 


Rarefaction curves for Indian River 
samples and boreal and tropical estuaries 
from Sanders (1968). Only polychaete and 
bivalve species are used. 
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tropical estuaries (RH28 and RH 33) fall well within the range of the 
curves for the Indian River. The boreal estuary curves (POC 1, 2, and 
3) fall distinctly below those of the tropical estuaries. Sanders denies 
the usefullness of attempting to ascribe confidence limits to the curves 
as a measure of statistical validity but instead uses a graphical demon- 
stration of the distinct separation between the different communities. 

A sirmilar method of comparison is shown in Figure 23, While the 
similarity is immediately apparent, the range of curves for the tropical 
estuaries sampled by Sanders ig considerably narrower than that of the 
Indian River. Such a variation is probably attributable to the relative 
sample sizes. Therein lies the only difference in methodology. A 
Ponar grab was used in this study while Sanders used a modified anchor 
dredge which provided much larger samples and thus less variation in 
data. 

Another study which used a Ponar grab was performed by O'Connor 
(1972). in that study, duplicate grabs and a one mm screen were used 
making it less comparable to the Indian River work. Brillouin's 
informa on measure was used to calculate diversity in that study in 
Moriches Bay, New York. The use of the larger sieve, as well as the 
more severe temperature climate should have provided a lower diver- 
sity than the present study, but such was not the case. The average 
diversity for Moriches Bay, excluding the dredged channels was 4.6 as 


compared to 3.3 for the Indian River samples. The dredged channels 


FIGURE 23 


Comparison of ranges of rarefaction 

curves from Indian River samples with those 
of boreal and tropical estuaries studied by 
Sanders (1968). 
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yielded diversity values of 1.3 and 0.9 for Moriches Bay and the Indian 
River respectively. In the light of present theory, such discrepancies 


are not reconcilable, 


IV. DISCUSSION 


The major areas of emphasis in this study are faunal diversity 
and the coupling of organisms to their environment. Before further dis- 
cussing these areas, certain limitations characterizing the methods 
used should be clarified. The mesh size (0.42 mm) of the sieves used, 
while smaller than that commonly used for benthic studies ( 1 mm) is 
still too coarse to adequately determine the total taanal diversity. 
Interpolating from the data of Reish (1959) one might expect to retrieve 
100 per cent of the Nemerteans and Mollusks, 95.5 per cent of the 
Polychaetes and only 65.2 per cent and 3.75 per cent of the Crustacea 
and Nematodes respectively. Although only about 70 per cent of the 
fauna can be expected to be retained on the 0.42 mm screen, this is an 
increase of 47 per cent over the retention on the one mm (1 mm) screen 
used by O'Connor (1972), Bloom, etal, (1972), and others. 

The statistical validity of the aliquot has not yet been tested as an 
estimate of the total population. Some bias may be expected in a com- 
parison between samples with dense rooted vegetation and sparsely 
vegetated sandy samples. However, subsequent work with this method 
has shown repeatedly similar samples with respect to faunal diversity 
values over relatively long periods of time (Thomas, unpublished data). 
Combining this with the similarities between stations in this study sup- 


ports the proposition that the method is acceptable in the face of the 
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overwhelming task of individually sorting the 75 prabs that were taken 
along the transect, 

Seasonal changes in diversity were not addressed in this study 
although such an investigation is presently underway. It is recognized 
that this study may not represent optimum conditions in the Indian River, 
since Odum (1970) and O'Connor (1972) have discussed the effects of 
the summer season on various estuarine ecosystems in terms of the 
relative stress that that season places on the benthos. The faunal 
diversity values described herein, then, may well represent minimum 
values, 

The statistical tests employed in this study are generally well 
accepted, Significance was, by convention, acknowledged at the five 
per cent level. That is, that there is only a five per cent chance that 
one is in error in rejecting the null hypothesis. Significance has been 


often qualified in the discussions as being ''strong'' or ''weak.'' These 


are purely subjective terms implying only that either the one per cent 


or the five per cent levels of significance, respectively, were used to 
determine the significance, Acceptance of the null hypothesis, of 
course, can never be conclusive since more data may be all that is 
required to reject it (Neville and Kennedy, 1964), On the other hand, 
rejection of the null hypothesis is only slightly more conclusive since 
additional data may only strengthen the probability of rejection. Thus 
weakly significant (= 0,05) relationships may become strongly sig- 


nificant (= 0,01) with additional data, 
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Mention should also be made at this point concerning the sorting 
efficiency of the samples. The addition of the Rose Bengal stain to the 
preserved samples provided an excellent contrast between the organisms 
and the shell debris in the sample. This allowed even untrained techni-+ 
cians to remove and save only the ''pink things.'' Two samples were 
chosen arbitrarily to examine the sorting eiticiene ys All shell debris 
following the initial sorting of these samples was retained and re- 
sorted. In one of these samples from Station TR 6, three ostracods, 
one bivalve, and three nematodes were missed in the initial sorting. 
Since nematodes were not quantified in this study, the remaining organ- 
isins constituted less than one per cent of the total sample. In the other 
sample from Station TR 12, one ostracod, one polychaete and four 
nematodes were found by re-sorting. The ostracod and polychaete 
represenied approximately one per cent of the total sample. These 
percentages of error would tempt one to estimate the sorting process 
to be about 99 per er efficient. Neither of these samples, however, 
were taken from grass beds where more error may be introduced 
since the grasses also tend to incorporate the stain. It is suggested 
that, when all samples are considered, sorting efficiency approaches 
the range of 85 to 90 per cent. This is considerably higher than the 75 © 
per cent efficiency considered to be desirable for such studies (holme 
and McIntyre, 1971). 

The final note limitations in methodology is directed toward the 


use of the rarefaction method of determining species diversity. 
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According te Sanders (1968) the method was developed for comparisons 
of within habitat diversity rather than the diversity between habitats. 
‘This implies that the diversities of soft bottom benthic ‘ue eepiales 
may be compared on a global scale while the iiveseitios of the benthos 
and the cients within the same body of water eaunot be. compared. A 
second limitation is the effect imposed by aggregation of species. The 
occurrence of clumped population may distort the diversity curve. 
Thus a large aggregation of the diminutive polychaete Fabricia sabella 
which comprised about 32 per cent of the sample at Station TR 2 was 
probably responsible for the aberrent positioning of the per for that 
| station. A similar situation is cited by Sanders (1968). | 

The initial effort in this study was directed toward invewiigatiag 
species diversity with despe ceie those parameters which may place "4 io 
physical stress on the benthic community. The most significant are- 
generally considered to be salinity, temperature and the nature of the | 
substrate (Nichols, 1970). In turn, the depth of the water way signifi- 
baat affect the effects of these parameters on the benthos by acting as 
a buffer against rapid or extreme fluctuations in the environment, 

In this segment of the Indian River, the physical character of the 
sediment was shown to be sufficiently homogeneous 80 a8 to have little 
effect on the diversity and faunal distribution of the benthos, The 
physical or ‘abiotic parameters of the sediment have been shown in 
other studies to be a significant determinant of the benthic community 


but these parameters (median grain size, sorting coefficient, and 
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per cent of silt and clay) do not vary significantly over the length of the 
transect from Stations TR 1 through TR lz. 

Salinity, while it obviously plays a role in determining which 
species may inhabit the estuary as a whole, was so homogeneous 
temporally and spatially as to account for no demonstrable effect on 
the benthic fauna. Nichols (1970) found that salinity variations between 
2.53 and 3.05 per cent were not able to account for the distribution of 
polychaetes except at one station in the mouth of a fresh water- 
influenced bay. At this station, daily salinity fluctuations as well as 
sediment transport due to tidal action were quite severe. That the 
polychaete assemblages throughout his study seemed dependent upon 
the physical nature of the substrate probably places most of the res- 
ponsibility for stress with the constantly shifting substrate at that 
station. Since estuarine species are commonly euryhaline in com- 
parison to their oceanic relatives, it would seem unlikely that small 
salinity fluctuations of 0.5 per cent would have an effect on the local- 
ized distributions of the pesivence: Further support of this conclusion 
is provided by the fact that higher temperatures facilitate acclimation 
to lesser salinities (Hedgepeth, 1957). Thus the higher temperature 
range of the water in this portion of the Indian River (12-30.2° C.) as 
compared to that of the York River (0,6 - 29, 4° ©.) which oe a 
similar benthic faunal composition (Warinner and Brehmer, 1966) 
implies that salinity minimume would have less effect in the Indian 


River. 
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While the physical nature of the substrate was not significant as 
a determinant of diversity in the benthos, the same cannot be said for 
the biotic characteristics of the substrate. Significant differences 
coald be seen in the components of faunal diversity dependent upon the 
presence of rooted vegetation. Higher values of both components of 
diversity, species richness and evenness, were found in areas so 
vegetated. According to Odum (1970) the primary advantage of these 
seagrasses to the benthos is in the provision of more stable sediments 
by action of the roots. Seagrasses also provide additional niches to be 
filled in terms of attachment sites and food types (Gosner, 1971), thus 
allowing a higher diversity. As documented by Stauffer (1937), the 
removal of rooted macrophytes resulted in a drastic decrease in diver- 
sity and complexity of the community. 

Although the presence of these plants benefits community diver- 
sity, they complicate further the separation of the effects of the physi- 
cal parameters of the environments. The distribution of these plants 
appears to be limited by water depth wate no rooted macrophytes were | 
found in samples from depths greater than 1.5 meters, A discussion 
concerning the cause and effect relationships between the occurrence 
of rooted vegetation, depth, and the quantity of suspended material in 
the water limiting light penetration tend to become too circular to 


include within the scope of this study. 
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The occurrence of rooted seagrasses and small variations in 
depth have widely divergent effects on the diversity. As stated pre- 
viously, higher diversity occurs in the shallow grass flats where the 
water depth is less effective as a buffer against climatic variations 
such as temperature. The more constant temperatures obtained at a 
depth of two meters as compared to the daily and seasonal temperature 
variations in the shallower grassy station would appear to indicate that 
some other parameter is more worthy of consideration. It may be 
argued, however, that these temperature variations are predictable and 
as such do not qualify as an environmental stress. This argument does 
not deny the possibility that such variation, even though predictable, 
should place a greater requirement on organisms for a flexible adaptive 
strategy than constant conditions. 

Two of the parameters measured appear to coordinate the effects 
of the seagrasses, temperature, and depth. These parameters are 
dissolved oxygen concentration and sediment redox potential (Eh). 
Dissolved oxygen stress is common to estuaries, especially during 
summer (Odum, 1970). The sources of dissolved oxygen to aquatic 
organisms are primarily through photosynthetic activity and diffusion 
across the air-water interface (Sverdrup, etal., 1942), During the 
summer, the reduced solubility of oxygen due to higher water temper- 
atures and the reduced wind velocities of that season (Lasater, 1971) 


would tend to reduce both interfacial exchange and vertical mixing. To 
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aquatic organisms, dissolved oxypen is a major limiting factor (Odum, 
1971) and the presence of the rooted seagrasses in the shallow water 
relieves this stress. In the deeper water where grasses are absent 
and temperature and dissolved oxygen concentration are both lower and 
more constant, the amount of dissolved oxygen available for respiration 
serves to limit the number of member species. 

In a detritus-based food chain, rooted submerged or emergent 
plants generally serve as autotrophs in the benthic community. Direct 
herbivory among the invertebrate members of the benthic community is 
often absent in this case. Instead, grasses are broken off by wave 
action, grazing by larger herbivores such as manetees, or by feeding 
acriwities of water foul, etc. These grass fragments are deposited on. 
the bottom where aerobic microbial activity may break them down to a 
form assimilable by detritus feeders. Whether detritus feeders utilize 
the oxidizable carbon directly or act as non-selective predators on the 
bacteria is unimportant to this discussion. In either case, the amount 
of oxidizable organic carbon represents the quantity of available energy 
produced by the autotrophs. In the grass beds this quantity of available 
food is understandably greater than in the deeper sandy areas where it 
must be transported by water currents. The amount of oxidizable 
‘organic carbon may be measured directly or it appears to be preferable 
at this point to determine a resultant of the combined effects of the 
amount of oxidizable organic carbon and the availability of dissolved 


oxygen. While microbial metabolism is probably highest in the grass 
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Hats, especially in the warmer summer temperatures, the photosyn- 
thetic activily provides sufficient oxygen so that no appreciable differ- 
ence can be seen, in terms of the resultant redox potential, between 
the grass flats and the sandy, sparsely vegetated areas. In the absence 
of the rooted seagrasses, the species richness is seen to decrease 
‘linearly with the redox potential. An increase in oxidizable carbon in 
the presence of limited oxygen over relatively long periods of time 
results in a decrease in the number of species able to exist in the 
environment. The possibility of resuspension of deposits by wave or 
current action decreases with depth and hence deeper bottoms may tend 
to become sinks or traps for large quantities of oxidizable organic 
carbon, If dissolved oxygen is not readily available to these deeper 
areas, then the oxidation of this material by microbial metabolism 
places an oxygen stress on the macrofauna. Such an oxygen stress has 
been postulated by O'Connor (1972) to result in a decrease in micro- 
faunal biomass. Faunal biomass was not directly measured in this 
study but size comparisons gave indications that macrofaunal biomass 
would be less than anticipated given the numerical abundances of 
species. As an example, polychaetes, although many species have 
distinct respiratory structures, often use their entire body surface 
for gaseous exchange (Barnes, 1963), Many of the polychaete species 
foand in this study were considerably smaller in size than described 
in the taxonomic references. As shown in Table 11, the smaller size 


of the three species used as examples provides an approximate increase 


TABLE 11 


Comparison of sizes of some polychaete 
spfcies with expected sizes from taxonomic 


déscriptions. 
aA . 
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x 
Described Size 


in mm. 
Species (Length x Width) 
Glycera americana 370 x 13 
Podarke obscura 40 x 3 


Platynereis dumerili 75x 6 


* From Gosner, 1971 


Ratio 


(S.A, /Vol) 


Mean Size from 
Samples in mm. 


(Length x Width) 
68 x 3 
5x1 


6x1 


Approximate 
Ratio 
Increase 
4X 


3X 


3X 


92l 
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in body surface area to volume ratio of three to four times. This is a 
Significant adaptation to periods of oxygen depletion and as such would 
lead to the lower faunal biomass values postulated by O'Connor. 
Sanders (1968) attributes a decrease in species richness to a similar 
oxygen stress. Thus it appears that the redox potential of the sediment 
may serve as an indicator of conditions in the benthic invertebrate 
community of the Indian River. Caution is advised, however, in 
attempting to compare sparsely or non-vegetated areas with shallow 
water grass flats. 

Species diversity is a function not only of the number of species 
present but also of the distribution of the number of organisms among 
those species. Under most conditions, these two components are 
assumed to vary directly. Inthe sandy, sparsely vegetated samples, 
however, the specics siennese decreases with increasing depth and 
decreasing Eh while under the same conditions the evenness component 
is seen to increase. The possibility of such an occurrence is proposed 
by Hurlbert (1971), With sufficient oxygen available, such as in the 
grass flats, species evenness as well as species richness is high. As 
oxygen becomes less available and both the number of individuals and 
the number of species decrease; the evenness of distribution among the 
species present increases. High evenness values are suggested to be 
the result of isolation or territoriality (Odum, 1971). Isolation or ter- 


ritoriality, defined by Odum (1971) as any active mechanism that spaces 


individuals or groups apart from one another, is usually the result of 


(1) interindividual competition for resources in short supply, or 

(2) direct antagonism. This sort of isolation tends to reduce competi- 
tion, since competition is most likely between proximal individuals 
(McNaughton and Wolf, 1970), and thus conserves energy during critical 
periods and prevents overcrowding and exhaustion of resources. 
Trammer (1969) suggests that communities from rigorous or physically 
controlled environments will vary in diversity according to their even- 
ness components while diversity in biologically accommodated environ- 
ments will be a function of the number of species. The data from the 
Indian River supports this suggestion provided that the major factor 
providing the degree of physical control is the availability of dissolved 
oxygen. This factor appears to predominate over the degree of environ- 
mental stability provided by the constancy of temperature, salinity, and 
dissolved oxygen concentration in the deeper water. 

The possibility of this relationship between the effects of species 
richness and species evenness on diversity being an artifact of method- 
ology has already been implied. That species evenness is of greater 
importance in smaller samples and is thus merely a function of sample 
size rather than a result of a biological acclimation to the rigors of the 
environment implies a negative correlation between the two. Such an 
implication is not supported by the data from this study in that the 
correlation, although negative was not found to be significant (<= 0.05). 

Tne second major emphasis in this study is the close coupling of 


species 19 their environment in biologically accommodated communities. 
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It should be understood that no community can be expected to be entirely 
either biologically accommodated or physically controlled. Each com- 
munity represents a point along the time-stability gradient exhibiting 
the resultant effects of both biological accommodations and physical 
control. One of these factors may be ee prominent than the other 
and thus serve as a basis for comparison, 

With the amelioration of stresses, such as oxygen availability, 
organisms are able to develop their adaptive strategies toward their 
total environment. | One aspect of this has already been examined: that 
of the relationship between the number of deposit feeders and the 
amount of food contained in the sediments as oxidizable organic carbon. 
With the reduction of oxygen stress the number of deposit feeders, 
representing the numerical counterpart of biomass, | was seen to 
increase with the amount of available food. In the physically-controlled 
stations, where low dissolved oxygen availability produced a stress, 
the number of deposit feeders were not so closely coupled to the food 
supply. Sanders (1958) found a weak correlation between deposit 
feeders and sediment organic carbon, He contributed the weakness to 
the fact that the presently available methodology does not distinguish 
assimilable forms of oxidizable carbon from non-assimilable forms 
such as coal. While this problem is presently being pursued, the data 
herein indicates that such a weakness in correlation may be due to 


environmental stress. 


139 

It was postulated by Sanders (1958) that deposit feeders may cor- 
relate with food availability while suspension jecdces may be dependent 
upon either grain size or the patterns of water currents. Rhoades and 
Young (1970), however, suggest a closer relationship between deposit 
feeders and suspension feeders. The reworking of sediments by the 
burrowing activities of deposit feeders results in an unstable sediment 
surface layer that is easily resuspended by weak wave and current 
action. This unstable sediment layer may preclude the presence of 
large numbers of suspension feeders through the sodas of stable 
attachment sites, clogging of gills or other respiratory structures, and 
burying of newly settled larvae. This hypothesis of trophic exclusion 
would probably be more effective in muddy sediments and probably less. 
so in coarse sands, shell debris or in sediments stabilized by rooted 
grasses. In less fagorabie sites, smaller numbers of suspension 
feeders should be evident in the absence of other environmental 
stresses, Such evidences of trophic exclusion may be considered to be 
an indication of the effects of biological interaction. 

The samples representing the more biologically accommodated 
stations can be compared to those of the more physically controlled 
stations in terms of trophic exclusion by again bir rowing the techniques 
of the terrestrial plant ecologists. Using a simple ordination technique 
the samples from both physically controlled and biologically accom- 
eaddated etaticns are ranked oie decreasing percentage compo- 


sition of deposit feeders and increasing percentage composition of 
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suspension teeders, At the biologically accommodated stations, good 
apreement is seen between increasing percentage of suspension feeders 
and a decreasing pe reent ape of deposit feeders (Table 12). The rank- 
ing of Stations TR 4 and TR 15 resulted ina reverse order since a high 
number of suspension feeders occurred concomittantly with a high 
number of deposit feeders at Station 15, This is probably due to the 
geographic position of that station. The sediment < Station TR 15 was 
a hard packed sand with a considerable amount of surface shell debris. 
This station had the lowest sediment values for both organic carbon and 
silt and clay content. These factors combined with the location of the 
station at the narrow navigational gap in the railroad causeway illus- 
trate the probability that current velocities at this station may be 
greater than at other stations. Increased current velocities would 
facilitate silepeision feeding as well as scour the sediment surface, 
rapidly removing the unstable sedimentary particles as they are re- 
worked by the deposit feeders. 

Among the samples representing physically controlled stations, 
no such easily explained agreement is seen (Table 13), No evidence of 
trophic exclusion of suspension feeders by deposit feeders occurred in 
sediments kere the member species are limited in their distribution 
by other physical, density independent, controlling factors, 

Stations TR 13, TR 14, and TR 15 are all located in proximity to 


the Intracoastal Waterway and probably represent the effects on the 


benthos by man's most significant influence in this segment of the 


TABLE 12 


Ranking of biologically accommodated 
stations according to the percentage 
composition of deposit feeders and 
suspension feeders 
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\. 
\ 
Decreasing Deposit Feeders (%) Increasing Suspension Feeders (%) 
TRi TR 1 
TR 3 TR 3 
TR 15 TR 4 
TR 4 | TR 15 


ect 
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TABLE 13 - 


Ranking of physically controlled stations 
according to the percentage composition 
of deposit and suspension feeders. 


Decreasing Deposit Feeders Increasing Suspension Feeders 


%o %o 
TRY TR 12 
TR 10 TR 14 
TR il TR11 
TR 12 TRY 
TR 14 TR 10 


Sel 
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Indian River. All three stations are in water depths greater than two 
meters and contain the only station along the transect where dissolved 
oxygen concentration was initially found to be less than five parts per 
million in the bottom water. 

It is reasonable to assume that the factors which contribute to the 
success of suspension feeders at Station TR 15 may also contribute to 
its high diversity. The possibility of increased circulation as a result 
of the through-causeway currents would be expected to prevent the 
accumulation of oxidizable detritus and hence preclude the possibility 
of dissolved oxygen stress. The low dissolved oxygen concentration 
(4.5 ppm), however, does not support this possibility. The lack of 
accumulated detritus may contribute to diversity in another way. 
Benthic organisms in a detritus based system are provided with a 
stable, non-fluctuating food supply (Rhoades and Young, 1970). The 
removal of detritus by current scouring would provide an improverished 
environment in terms of available food, and Station TR 15 yielded the 
smallest value for sediment organic carbon composition (0. 34%) along 
the transect. In relating species diversity to resource supply, 
Valentine (1971) sugge sts that the highest diversity would be found in 
an environment where resources are found in low but stable quantities. 
The species harbored would be those selected for competitive ability 
and interactions with other species (k-selection). The data for Station 


TR 15, especially as shown in the rarefaction curves, demonstrates 


such a situation. 


137 

While the sediment at Station TR 15 is stable and supports a high 
diversity, the opposite may be said of Station TR 13 located in the 
Intracoastal Waterway. Samples taken from Station TR 13 yielded high 
amounts of silt and clay and organic carbon. Dissolved oxygen concen- 
tration in the bottom water at this station was the lowest of any of the 
transect stations sampled. The low sediment Eh suggests the probability 
of oxygen stress, All the faunal indices, except evenness, exhibited 
their lowest values at this station. The presence of only four organ- 
isms, all of which were relatively motile crustaceans, also indicates 
stressed conditions. 

Dredged navigational channels such as the Intracoastal Waterway 
must be periodically re-dredged as a result of redeposition and entrap- 
ment of sediments in the channel. Spoils removed during this mainte- 
nance dredging are commonly deposited parallel to and proximal to the 
channel forming the spoil islands. shown in Figure 2 and characterized 
by Station TR 14, samples from which contained two per cent suspen- 
sion ee only. While much of these spoils are probably stabilized 
in time, they are probably the major contributors to redeposition in the 
channel (Odum, 1970), As a result of this unstable condition of the sub- 


strate, many organisms, especially sus ension feeders or any other 


attached forms, may be excluded from these areas. The sample from 


Station TR 13 contained no sessile or suspension feeding forms. 
The effects of sediment instability may not oe limited to the 


immediate vicinity of the channel. Wind driven currents may widely 
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distribute these spoil derived materials affecting a larger area of the 
river within a zone of sediment redeposition. Current methodology for 
sediment analysis does not provide a suitable measure for determina- 
tion of such sediment instability or its effects within the possible zone 
of redeposition (Dr. E. Kalajian, personal communication). A biologi- 
cal index is then proposed as a measure of sediment instability and 
redeposition by extending the trophic exclusion hypothesis of Rhoades 
and Young (1970). Since suspension feeders may be excluded or at least 
reduced in numbers as a result of sediment instability, they must be 
used as an index of that instability. The lack of suspension feeders in 
the samples from Stations TR 13 and TR 14 supports the proposal. 
Further support is found in the contrasting high incidence of suspension 
feeders at Station TR 15 and at the more biologically acconmodsced 
stations at the northern end of the transect. The distribution of suspen- 
sion feeders does not appear to be the direct result of the activities of 
denosit feeders at those stations which are more physically controlled. 
Using the ordination technique, the stations ranked according to their 
relative distances from the channel may be compared to the same sta- 
tions ranked in order of the increasing occurrence of suspension feeders 
as seen in Table 14. Good agreement with the proposed index is found 
as far north along the transect as Station TR 8. Redeposition of the 
sediments eroded from the higher contours of the spoil areas may also 


serve to limit the success of suspension feeders over both a large area 


TABLE 14 


Comparison of stations ranked according 

to increasing distance from the Intracoastal 
Waterway to stations ranked in order of 
increasing abundance and percentage com- 
position of suspension feeders. 
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Distance from Channel 


TR 13 


TR 12 


TR li 


TR 10 


TRY 


TR 8 


Suspension Feeders 
Number 


Percent 
TR 13 
TR 12 
TR 11 
TRY 
TR 10 


TR 8 


Cr 1 
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and (ime span. ‘Through the combined effects of this stress and the 
possible inducement of oxygen stress by resuspension of the sediments 
(Odum, 1970) and the eeducuier of oxygen availability in the deeply 
dredged areas, channelization may constitute one of man's most 


insidious contributions to the benthic ecology of the Indian River. 


V. SUMMARY 


During the summer months, the northern portion of the Indian 
River supports a benthic community with a diversity approximating that 
of a tropical estuary. Species diversity is variable along depth gradi- 
ents where the availability of dissolved oxygen to the macroinvertebrates 
is the primary limiting factor. Long term oxygen availability measured 
in terms of the redox potential of the sediment appears to mask any 
effects produced by environmental variability or conversely environ- 
mental stability in terms of temperature, salinity or physical nature of 
the substrate. 

In more biologically accommodated portions of the benthic com- 

munity, the stress of oxygen availability is ameliorated, There 
organisms appear to be more closely coupled to their environment as 
measured in terms of abundance of deposit feeders relative to their 
food supply and in terms of exclusion interactions between deposit and 
suspension feeding forms. 

Man's intrusion into this portion of the Indian River has been, as 
is most often the case, detrimental to the benthic community through 


the construction of the Intracoastal Waterway. 
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APPENDIX A 


Species List and Distribution 
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hebes 


ereis dumerili 


Odostomia 1 

Odostomia 2 
erodorids 

Podarke obscura 


Exogone 


Pla 


Molluska (continued) 
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SPECIES _ 
Polychaeta 


heteropoda 


Scolecolepsis sp. 


Eteone 


jeffreysi 


solitaria 
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Diopsatra cuprea 
Sabella microphthalma 


Glycera americana 
2c 


Polydora ligni 
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Glycinde 


Aricidea 
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Pp. 


Maldone sarsi 
rubra . 


Odontosyllis fulgurans 


Erichsoniella attenuata 


Sphaecroma quadriden 


Aglaophamus verrilli 


Arthropoda 


Stauronereis rudolphi 
Sabella crassicornis 


Pectinaria gouldii 
Syllis gracilis 
Armandia agilis 
Lepidonotus sp. 


Scoloplos sp. 


Hypaniola grayi 


Potamilla s 


Scoloplos 


Polychaeta (continued) 
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rostilis smithi 
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Panopeus herbetii 


Cyathura sp. 
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APPENDIX B 


Plant Biomass - 
(gram dry wt/m*) 


Sta. No. 


TR 3 


TR 5 
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APPENDIX C 


Sediment Analyses Data 
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STATION # 


TRI 
TR 2 
TR 3 
TR 4 
TR 5 
TR 6 
TR 7 
TR8. 
TR 
TR 10 
TR 11 
TRl2 
TR 13 
TR 14 


TR 15 


Mean 


Median Grain Size (Md O) 


3. 70 


Sorting (Qd O) 
. 66 


we 
» 45 
. 36 
. 36 
. 64 
. 60 
. 64 
55 
. 52 
. 40 
ot 
1.09 
. 62 


. 89 
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%o Silt-Clay_ 
39,98 
9. 88 
7.20 
6. 72 
°5.92 
9.52 
11.24. 


8.36 


13, 67 
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ABSTRACT 


Several relationships between the chemical and physical properties of 
marine and fresh water sediments reported in the literature were observed for 
the sediments of the Indian River and impounded waters near Kennedy Space Center, 
Merritt Island, Florida. The results indicated that the distribution of organic 
carbon in the sediments is controlled by the mean grain size, the sedimentation 
rate of the area, the decomposition rate of the organic matter, and its availability. 
The ratio of organic carbon to hydrogen was obtained for the samples and used to 
indicate the degree of oxidation of the organic matter in the sediments, while the 
color, odor, and banding of the cores suggested that the first few centimeters of 
water above the sediment is probably deficient in dissolved oxygen. Changes in the 
environmental conditions over the past years are indicated by the irregular depth 


profiles of the cores. 
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I. INTRODUCTION 


Marine sediments consist of a complex mixture of inorganic and organic 
compounds which may be present in a variety of different forms. The majority of 
the organic matter in the sediments is adsorbed onto the surface of mineral par- - 
ticles, while the remaining portion of organic mikttar is present in the interstices 
between the mineral grains or is connected with the bottom-dwelling animals and 
bacteria (Bordovskiy, 1965). Studies on the marine sediments of the Bering Sea 
have indicated that the type of organic matter and its distribution in the sediments 
were most intimately connected with the biological activity and the morphological 
characteristics of the area, especially in coastal and restricted waters (Bordovskiy, 
1965). | 

The organic content of marine sediments has been studied in detail for 
only a few isolated cases. Results of these studies indicated that the organic carbon 
content of marine sediments was inversely related to the grain size for clays and 
silts (Bordovskiy, 1965), and directly related to the water content (Kogler, 1967). 

The purpose of this study was to investigate the distribution of carbon in 
the sediments of fourteen cores taken from the Indian River and impounded waters 
near the Kennedy Space Center (KSC), Florida, and to determine if any correlations 
exist between the organic and carbonate carbon of the sediments, the mean grain 
size and the water content of the samples. Relationships between carbon content, 


depth into core and location of cores were also investigated. | 


Y. BACKGROUND 


A. Chemical and Physical Relationships of the Sediments 

One of the most common correlations between chemical and physical 
properties of marine sediments reported in the literature is that between the dis~ 
tribution or organic carbon and the mean grain size of the sediment. In general, 
the organic carbon content of the sediments increased as the mean grain size 
decreased (Bordovskiy, 1965). Asa result, the organic content of silts and clays 
was considerably higher than that of sands. It was estimated that silts contain 
twice the organic content, and clays four times that of sands (Bordovskiy, 1965), 
Gross (1967) reported that the sands of the Northeast Pacific contained less than 
1% organic carbon, while the clays contained 2 to 3%, and suggested that the grain 
size of the sediment could limit the maximum amount of organic carbon present. 
Similar values were reported by Biggs (1967) for the sediments of the Chesapeake 
Bay, with 0.95% for the shallow silty-sands, and 3.4% for the silty clays. These 
results indicated that the relationship between grain size and organic carbon exists 
for shallow estuarine sediments as well as deep sea sediments. 

If most of the organic matter in sediments is adsorbed on the surface of 
the mineral particles, as Singested by Bordovskiy (1965), then the relationship 
between organic carbon content and mean grain size of the sediment should exist 
for any type of sediment, marine and fresh water, since the smaller particles have 
greater surface area, and therefore, a higher capacity for adsorption, regardless 
of the type or depth of the water. Bordovskiy (1965) also found that factors such 
as morphology of the area and sedimentation rates could modify this relationship 
between carbon content and grain size to a slight extent. 


The possibility of water depth controlling, to a small degree, the grain 


size of the sediments was observed when Bordovskiy (1965) found that the coarsest 
materials of the Bering Sea were located in the cores collected from shallow waters, 
while the cores from the deep waters consisted mainly of silt-clay oozes, Biggs 
(1967) noted a similar trend in the sediments of the Chesapeake Bay, and proposed 
that the greater values of organic carbon in the deep waters of the Chesapeake Bay 
may be attributed to four factors: (1) the dilution of the organic matter in the shallow 
waters as a result of higher sedimentation rates; (2) higher oxygen content of the 
overlying waters, and larger sediment grain size resulting in a higher rate of in- 
organic oxidation of organic matter, and a greater circulation of water through the 
sediments of shallow water; (3) the greater scavenging activity of organisms in 
shallow waters; and (4) the resuspension of fine organic matter in shallow waters 
due to the greater physical energy of the area. 

Both, the sediments of the Bering Sea and those of the. Chesapeake Bay, 
exhibited a general decrease of organic content with increased depth into the core 
(Bordovskiy, 1965; Biggs, 1967). This trend suggested that the clay and silt-sized 
particles of the sediments were located toward the top of the core near the sediment 
_ water interface, and the sand-sized particles toward the bottom. No data on grain 
Size distribution with depth into the core were cited. 

Another correlation reported in the literature was that of an increase in 
organic carbon content with increasing water content of the sediments (Kogler, 1967). 
Kogler (1957) reported a maximum water content of 293% of dry sediment weight 
for the sediments of the Arabian and Baltic Seas which corresponded to the maxi~ 
mum organic carbon value of 6.5%. The lowest water content value of 25% was 
found for a core which had organic carbon values less than 2%. In general, the 
water contents of these cores decreased with depth into the core. 


The studies of the sediments of the Northeast Pacific (Gross, 1967) and 


4 
the Arabian and Baltic Seas (Kogler, 1967) suggested still another relationship 
for organic carbon content. Data from these studies indicated that the highest 
values of organic carbon were found in the samples which contained the lowest 
carbonate values, and. vice versa. Gross (1967) found the highest organic carbon 
value of 3% to correspond to saeeonte values of less than 2%, while organic car- 
bon values of less than 1% were found in sediment with carbonate values between 
5 and 10%. Similar values were reported by Kogler (1967) with a maximum organic 
carbon value of 6.5% found for a carbonate content less than 2%, and values of less 
than 2% organic carbon corresponding to carbonate values between 3~6%. The 
majority of the carbonate values for both studies were below 5%, and most of the 
organic carbon values were below 2%. 

A very interesting color relationship was reported by Biggs (1967) in his 
study of the sediments of the Chesapeake Bay. The color of the sediment and the 
structure of the core were related to the oxygen content of the overlying water. 

In general, black, grey-green, banded cores corresponded to a low oxygen content 
in the water column, while light brown, homogeneous cores were indicative of a 
well aerated situation. A strong hydrogen sulfide odor was usually associated with 
the black, grey-green sediments, which contained a higher organic content and a 
higher water content than the grey sediments when both were located at the sedi- 
ment water interface. 

A considerable portion of the organic matter of marine sediments is com- 
posed of humic acids and "residual" organic matter (Bordovskiy, 1965). Very little 
work has been done to determine the chemical structure of the "residual" organic 
matter which is mainly bonded with the mineral skeleton of the sediment. Detailed 
studies, however, have been done on the humic acids of marine sediments, and the 


results indicated that they are condensed aromatic systems incorporating carbon, 


- hydrogen, oxygen, and sulfur (Bordovskiy, 1965), Humic acids occur widely in 
natural accumulations of organic matter such as peats, and several subaqual de- 
posits. According to Bordovskiy (1965), the humic acids result from the condensa-~ 
tion of carbohydrates and proteins, and are relatively resistant to biochemical 
oxidation in semi-aerobic conditions. In well aerated soils the hydrogen content 
of the acids is lower than in less aerated sediments such as that of marine basins 
(Bordovskiy, 1965), The ratio of organic sbeben to hydrogen, C/H, can be used 
to indicate the degree of condensation of the acid. For the bottom sediments of the 
Bering Sea, Bordovskiy (1965) reported a C/H range of 6.8 to 8.8. The typical 
range for soils is 12-21.4, The lower C/H range for the bottom sediments indi- 
cates a lower degree of condensation which is probably the result of a more an- 
aerobic condition. Generally, the C/H is higher in deep water sediments than in 
shallow water deposits, which could be due to the fact that the deep water deposits 
are more mature and are in a more advanced state of transformation (Bordovskiy, 


1965). 
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B. Analytical Techniques for Organic and Inorganic Carbon Detevminations 

The majority of the carbon present in sediments occurs as carbonates 
and a variety of organic compounds. The basic principle behind both carbonate 
and organic carbon determination is the measurement of carbon released as car- 
bon dioxide, CO9. There are several variations in both the methods of conversion 
of carbon to carbon dioxide, and the methods of measurement of the released CO9. 
Volborth (1969) has stated that the most universal method for the determination of 
carbon is to release the carbon as carbon dioxide by acid attack for carbonates, 
and by combustion for organic and total carbon. The freed carbon dioxide can then 
be determined volumetrically, or by absorption on a suitable medium. The car~ 
bonate carbon in the sample can also be determined by the method of Shapiro and 
Brannock (Volborth, 1969) which is a variation of the classical acid attack method. 

A special gas collecting tube developed by Shapiro and Brannock is utilized in the 
method. Several other variations of the Volborth method are mentioned at the end 
of this section. 

Volborth (1969) has suggested that a direct combustion in an oxygen atmos- 
phere, followed by purification of the evolved gases and gravimetric determination 
of the carbon dioxide showid be employed when the sample contains organic carbon. 
For best results when employing a combustion train, the following advice should be 
considered (Volborth, 1969). If carbonate carbon is present in the sample, the oven 
should be maintained at 900°C. The flow of oxygen should be regulated to 2~4 bubbles 
per second by means of a bubbler of concentrated sulfuric acid, which should be con- 
nected to the tube containing the carbon dioxide absorbent in order to protect the sys- 
tem from moisture. A tube of magnesium perchlorate or calcium chloride should be 
placed before the tube containing the carbon dioxide absorbent to trap any moisture 


which is produced during the combustion. A suitable absorbent for carbon dioxide 


is sodium hydroxide (NaOH). 

For best results, a porcelain, mullite, or platinum combustim ibe 
should be used, and the sample placed in a porcelain, alundum, or zirconium 
oxide combustion boat. Platinum boats should not be employed if metals and 
sulfides are present, or if copper oxide is mixed with the sample. Manganese 
oxide should be loosely packed in the end of the tube down train from the sample 
in the cool part of the oven to remove any oxides of sulfur or nitrogen from the 
product gases. Copper oxide is generally mixed with the sample and placed in the 
hot part of the combustion tube to catalyze the oxidation of carbon monoxide to 
carbon dioxide. 

The system should be flushed with oxygen for five minutes before the 
sample is introduced into the combustion tube. A combustion time of 10-15 min- 
utes should be sufficient. 

If just the organic carbon in the sample is desired, the carbonate carbon 
is first removed by an acid attack method and the sample is then dried and placed 
in the combustion train. The acid attack method consists of treating the dried 
sample with a suitable acid which will convert the carbonates in the sample to 
carbon dioxide which is then measured either volumetrically or gravimetrically. 

Several variations of the dry combustion have been reported in the litera- 
ture, Gross (1967) in his study of the marine sediments of the Northeast Pacific, 
determined the organic carbon of the sediments by subtracting the carbonate car- 
bon from the total carbon, The carbonate carbon was determined by the absorption 
of the carbon dioxide released when the dried sample was treated with 10% phos- 
phoric acid, The total carbon of the sediments was obtained by a dry combustion 
process in an oxygen atmosphere. An appropriate catalyst was reacted with the 


gases to convert the carbon monoxide to carbon dioxide, and manganese dioxide 


was added to remove any oxides of sulfur and nitrogen from the gaseous products. 
A coefficient of variation of 10% of the amount of organic carbon, and a repro- 
ducibility of 2% for the carbonate method was reported. 

In a recent study of the sediments of Lake Mendota, Bartleson (1972) de~ 
termined the total carbon content by a dry combustion process, and measured the 
carbon dioxide released by the organic and carbonate compounds with a thermal 
conductivity cell. The calcium which was dissolved by HF-HNO3~HC104 acid was 
measured and converted to its carbon equivalent, which was then subtracted from the 
total carbon to yield the amount of organic carbon in the sample, 

The organic content of the sediments of the Chesapeake Bay (Biggs, 1967) 
was obtained directly from a dry combustion of the sediments which had first been 
treated with hydrochloric acid to remove all the carbonate. Biggs (1967) reported 
recoveries of 99.9%, and a precision of ak 0.19 for this procedure. 

Buchan (1967) determined the carbonate content of the North Atlantic sedi- 
‘ments with a Collins Calcimeter. The process involved treatment of the dried, 
powered, sample with hydrochloric acid in a closed system, and volumetric mea- 
surement of the amount of carbon dioxide evolved. 

A much more sophisticated method of determining the organic carbon in 
the sediments was reported by Hobson (1969), which consisted of treating a 2 gram 
sample of dry sediment with hot 0. 3N trichloroacetic acid to remove the carbonates, 
and then determining the amount of organic carbon with an elemental analyzer. By 
measuring the amount of carbon dioxide evolved from the acid treatment, the amount 
of carbonate carbon could also be obtained. The total carbon would simply be the sum 


of these two results. 


I. CORING AREA 


A. Description of Coring Area 

The sediment samples analyzed in this study were taken from fourteen 
cores which were collected from portions of the Indian River and the impounded 
waters surrounding Kennedy Space Center, Merritt Island, Florida (Figures 1, 
2,3). The exact locations of the fourteen cores analyzed are indicated on Figures 
4 and 5 by means of a number code. Area 1 was located in the Indian River between 
Titusville and the Orsino Causeway. The cores collected from this area were des~- 
ignated as 1~ followed by a core number (Figure 4). The number of 100+ refer to 
the sites for the impounded waters in this area. Three of the cores used in this 
study were obtained from Area 1 near the mouth of Banana Creek, and six from the 
impounded waters in the same general area, Four cores analyzed were from Area 
2, designated with 2- and located in the Indian River north of Titusville (Figure 5). 
Only one core, 3-12, from Area 3 near Haulover Canal in Mosquito Lagoon was 
studied (Figure 5). 

The impounded waters on Merritt Island are the result of an effort to re- 


duce the two species of salt water mosquito, Aedes sollicitans and Aedes taenior- 


hynchus, These mosquitos possess the unique trait of laying their eggs on dry land, | 
The eggs hatch when the land becomes temporarily flooded, as in a tidal marsh. 
Until 1960, the shore lines of Merritt Island provided a tidal marsh area ideal for 
the breeding of these two species. In order to prevent the mosquitos from laying 
their eggs, dikes were constructed to permanently flood the area. This project 
was initiated by the Brevard County Mosquito Control Division, and completed with 
the assistance of NASA. These dikes have probably altered the characteristics of 


the impounded waters and the sediments of this area. 


Figure 1. Florida State Map 
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B. Collection of Cores 

The cores used were collected between July and September of 1972 by the 
students and faculty of Florida Institute of Technology (FIT), Melbourne, Florida. 
The collection of these cores was undertaken as a portion of the previous mentioned 
NASA project (see Acknowledgment). 

Samples were obtained using a coring device developed by two FIT students 
and consisting of a two inch polyvinylchloride pipe equipped with a ball check valve 
(Figure 6), The corer was manually driven into the sediment by means of a T~handle, 
and the collected samples were virtually undisturbed. A recovery of 87.7% calculated 
as length of core recovered/total penetration was obtained. 

Immediately upon collection, the cores were capped and taped to prevent any 
loss of moisture, and sealed with wax as soon as they were brought to the lab. The 


cores were analyzed within a few days after collection. 


Figure 6, 
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IV. LABORATORY ANALYSIS 


A. Physical Characteristics of the Samples 

The preliminary analysis of the cores consisted of longitudinal splitting, 
photographing, and examination for odor and color. The color was determined by 
means of a Munsell color chart. Figure 7 shows core 2-29 after it had been split 
for analysis. Samples from the different layers of each core were obtained and 
dried at 100°C. for 24 hours, The dried samples were used for grain size anal- 
ysis and water content determinations. The mean grain size of the sediments was 
obtained by standard sieve analysis, and the water content was recorded in percent 
weight of water/weight of dry sample. 

B. Chemical Composition of the Sediments 

Chemical analysis to determine the amount of total carbon, organic car~ 
bon, carbonate carbon, and hydrogen were done on at least three samples from 
different layers in each core. These samples were obtained either from the sedi- 
ment not passing the #40 or #60 sieve from the grain size analysis, or from the 
water content cans, The dried sediment was homogenized by grinding with mortar 
and pestle before analysis. 

The total carbon of the sediment was determined by a dry combustion 
method as described by Volborth (1969). Figure 8 shows the combustion train 
employed for this analysis. A similar procedure was followed by Gross (1967) 
in his study of the surface sediments of the Northeast Pacific. 

First the two drying tubes, one containing the magnesium perchlorate 
(MgC104), and the other the sodium hydroxide (NaOH), were weighed to the near~ 
est milligram using semimicro analytic technique. Next the weighed tubes were 


connected to the combustion train, and the entire system flushed with oxygen for 


AT 


Figure 7. 
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approximately five minutes. About one gram of dried sample was placed ina 
porcelain combustion boat and introduced into the oven, which was maintained at 
approximately 900°C. Hot copper oxide was used as a catalyst to insure complete 
oxidation of carbon monoxide to carbon dioxide. Manganese dioxide (MnO) was 
packed in the end of the cumbustion tube to remove any oxides of sulfur and nitro- 
gen from the g¢seous products. After a combustion time of a half hour, the two dry- 
ing tubes “vere removed and reweighed. The water from the sediment was trapped 
by tae magnesium perchlorate and used to determine the percentage of hydrogen 

th the sample. The carbon dioxide released from the organic compounds and car- 
bonates was absorbed by the sodium hydroxide and used to obtain the total carbon. 


The following calculations were performed: 


%Total Carbon = weight COs evolved x 12 grams C x 100 
weight original sample 44 grams CO¢9 


%Hydrogen = weight HoO evolved x 2 grams H x 100 
weight sample 18 grams HO 


To check the reproducibility of the method, several samples were run 
in duplicate or triplicate. The values of total carbon for three runs of sample 
1-25-7 were: 0.59%, 0.64%, 0.64%. For comparison purposes this same sample 
was given to KSC Micro Chemical Analyst Lab for total carbon determination using 
the Carbon-Hydrogen~Nitrogen Analyzer. The results indicated a total carbon of 
0. 68% is 0.22. Additional results from KSC are reported in the Results section 
of this presentation (page 38). 

One major difficulty was encountered with the total carbon determination, 


Samples 1-1, 1-18, 1-25-7, 2-2-41, and 2-2-62 produced a yellow residue upon 
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combustion, which was picked up by the magnesium perchlorate. This yellow resi- 
due interfered with the normal combustion process causing the total carbon values 
to be less than the carbonate values, Thus it was impossible to obtain an organic 
carbon result for tiese samples. This caused considerable concern, and an effort 
was made to identity the yellow residue. A sample of the residue was taken to KSC 
and analyzed by X-Ray spectrometry and infrared absorption. The residue was not 
| identified by cither of these methods, but there was a sharp IR band at &.9 microns 
which indicated a possible sulfur-oxygen and/or halogen bonding. The results from 
the X-Ray study indicated that there was a trace of titanium at the top of the drying 
tube, and a slight variation in the amount of chlorine from top to bottom of the dry~ 
ing tube. 

After consideration of the available equipment, the experimental set-up 
in Figure 9 was nsed for the carbonate analysis, This method is a rioditied version 
of the acid attack used by Gross (1967), The tube containing sodiuin aydroxide lo~ 
cated at the far right of the set-up was used to absorb the evolved carbon dioxide 
from the reaction. After the tube was carefully weighed, it was connected to the 
set-up, The system was then flushed with dry, carbon dioxide-free air for five 
minutes to remove any carbon dioxide or moisture that might be present. The 
dried sample was treated with 50% phosphoric acid, and a reaction time of a half 
hour was allowec. The dry, carbon dioxide~free air was used both as «a carrier 
gas for the evolved carbon dioxide, and as a means of mixing the sample and acid, 
A tube of magnesium perchlorate was placed before the sodium hydroxide absorbent 
to pick up any moisture produced from the reaction, In order to trap any oxides of 
sulfur and nitrogen produced, a tube of manganese dioxide was placed between the 
sodium hydroxide and magnesium perchlorate tubes, The most appropriate sample 


size for this determination was between 0.8 and 1.0 gram. 


2] 


The amount of carbonate and inorganic carbon was calculated as follows: 


%Carbonate = Weight COg x 60 grams CO3 x 100 
Weight sample 44 grams CO9 


YInorganic C = Weight CO. x 12 grams C x 100 
Weight sample 44 grams COs 


The method was standardized with a sample of calcium carbonate, and 
a recovery of 100% was obtained. The flow of the carrier gas had to be regulated 
for each determination to prevent any acid mixture from being pushed into the 
drying tubes. Several reactions were so vigorous that the air flow had to be com- 
pletely stopped to prevent this overflow. 

Originally the organic carbon was to have been determined by subjecting 
the residue from the acid attack procedure to the combustion-train process. In 
this way, the acid attack would yield carbonate and inorganic carbon, while the 
combustion would give the organic carbon directly. 

Unfortunately, the residue from the carbonate analysis would not dry at 
100° Cc. , and it was felt that higher temperatures might have driven off some or- 
ganic components. Asa result, Gross's method (1967) of subtracting inorganic 


carbon from total carbon to obtain organic carbon was utilized. 
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V. RESULTS 


A. Physical Properties 

All the sediments studied were either grey or black in color with various 
green and brown hues. Most clays and sands were grey, while the peat and humus 
layers were black. There were however, some black sands found at the sediment 
water interface for the cores from area 2. Generally the cores from this area 
were darker at the top of the core than at the bottom. All of the cores studied ex- 
hibited color banding, and some of the cores from area 1 showed mottled areas of 
grey and black. The grain size of these mottled areas appeared uniform. 

Layers ranging from 2 to 6 inches in thickness and composed entirely of 
shell occured at a depth of approximately 15 inches in the cores from area 2, and 
at depth of 6 to 14 inches inthe cores from area 1. Some of the cores cantained two 
such layers, and no shells were found in the sediment immediately below the second 
layer. 

The mean grain size of the sediments obtained from the 50% finer value on 
the sieve analysis curve ranged from 0.2 mm for the fine sands to 0.02 mm for the 
clays. The majority of the sediments from the study areas were classified as fine 
sands, with an occasional clay or silt layer in the cores from area 1 and the im- 
pounded waters, 

Most of the cores studied exhibited a hydrogen sulfide odor, which was 
classified as mild, moderate, or strong. There were, however, sone samples 
which had no noticeable odor at all. Core 1-25 had a definite sewage-like odor, 
while cores 1-17, 1-18, and 1-25 had a very strong hydrogen sulfide odor at the top. 
The hydrogen sulfide odor of the cores from area 2 were generally milder than that 


of the other study areas. A "humus" odor was noticed in several of the cores from 
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the impounded waters. 

B. Chemical Results 

The organic carbon values ranged from 0 to 3.56% with the majority of the 
values less than 0.5% (Appendix). Of the forty-three values obtained, thirty-two 
were less than 0.5%, five were between 0.5 and 1%, five between 1 and 3%, and only 
one value was greater than 3%. This maximum organic carbon value of 3.56% was 
found for a humus layer located at the top of core 118. Core 113 also contained a 
surface humus layer which gave a value of 1.86%, and core 119, a peat layer ata 
depth of twelve inches had a value of 2.07%. All other values of organic carbon lar- 
ger than 1% were found for clays and silts. The highest values of organic carbon 
were obtained for the cores from the impounded waters, while Area 2 gave no value 
greater than 0.5%, and Area 1 had only one value greater than 1%. This value was 
found for a grey clay layer located at the bottom of core 1-25, 

An inverse relation between organic carbon and grain size of the sediment 
was observed (Figure 10). The organic carbon values for clays and silts with mean 
grain size between 0.02 mm and 0.07 mm ranged from 1.39% for core 1-25 to 2.9% 
for core 117, For the sands with a mean grain size greater than 0.1 mm all the organic 
carbon values were less than 1%, and did not exhibit any particular relationship in this 
size range. The only exceptions to this trend were the two humus layers which had a 
grain size of 0.2 mm yet gave organic carbon values of 1.56% for core 113, and 3.56% 
for core 118 and the peat layer of core 119. This high organic carbon content for humus 
was expected, and does not invalidate the trend between mean grain size and organic 
earbon content for the clays and silts, 

A negative correlation between organic carbon and depth into the core for 
the sediments from the impounded waters can be observed on figure 11. This general 


decrease of organic carbon with depth into the core is probably due to the fact that 
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the clay, humus, and peat layers were located at the top half of these cores, while 
the fine sands were located at the bottom of the cores, Above a depth of fifteen in- 
ches the organic carbon reached a maximum value of 3.5%, yet did not exceed 1% 
below this depth. No similar trend was observed for the cores from Areas 1 and 2. 

A positive correlation was observed between the organic carbon content 
and the water content of the sediments (Figure 12). The maximum water content of 
300% of dry sample weight was obtained from a humus layer located in core 113, 
and corresponded to an organic carbon value of 2.07%. Core 119 contained a peat 
layer which had a water content of 263% and an organic carbon content of 1.56%. 
The range of water content for the clays and silts was between 35% and 130%, which 
was lower than that of the peat and humus layers, but higher than that of the sands. 
The water content of a clay layer from core 117, for example, was determined to be 
130%, and corresponded to an organic carbon value of 2.9%, while the water content 
of a clay from core 119 was 69% and the organic carbon was 2.19%. The range of 
water content for the sands was from 18% to 50%. 

A slight variation of total carbon with depth into the core was observed. 
Figure 13 shows that the maximum value of 5.58% total carbon was located at a 
depth of ten inches in core 112. At depths above twenty inches the carbon values 
ranged from 0.2% to 5.7%, with fourteen values exceeding 1%. On the other hand, 
at depths greater than 20 inches all the values were 1% or less. 

The carbonate carbon values ranged from 0.15% for core 116 to 25% for 
core 112, Although the maximum value was obtained for a sand located at a depth 
of ten inches in core 112, the carbonate values for clays and silts were generally 
higher than that of the sands and humus layers, and ranged from 5. 05% to 20. 8%. 
This is probably an indication that the clays are carbonaceous in this area. In gen~ 


eral, the carbonate values for sands were less than 3%, as indicated on Figure 14, 
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Of the five carbonate values between 10% and 20%, four were obtained for clay layers. 

The percentage of hydrogen in the sediment showed a very slight decrease 
with depth into the core (Figure 15). Only two values exceeded 1%, one was found for 
a clay layer from core 119 and the other for a silt layer in core 117. The %H for 
clays, silts, and humus layers was slightly higher than that of the sands. A linear 
relationship exists between organic carbon and the amount of hydrogen in the samples 
(Figure 16). This trend was most pronounced for the cores from the impounded waters 
with the exception of a humus layer from core 118. 

The ratio of organic carbon to hydrogen was calculated for all the samples. 
These ratios ranged from 0.05 to 19, with the majority of the values being between 
1 and 3, and only one above a ratio of 5. Figure 17 shows a slight indirect variation 
of Co/H with carbonate carbon values. For example, the three carbonate values 
greater than 20% correspond to a ratio less than 2, while all the ratios from 3 to 5 
correspond to carbonate values below 5%. The relation between organic carbon and 
Co/H can be seen on Figure 18. The Co/H of 5.1 occured in a humus layer from 
core 118 which exhibited the maximum organic carbon value of 3.56%. The maximum 
Co/ H of 19 occured in an olive-grey sand at a depth of 26 inches into core 2-24 and 
corresponded to a % Co of 0.2, 

With the exception of two points, an indirect relation between the C,/ H and 
depth into the core can be observed from Figure 19. The majority of the ratio values 
greater than 2 were found for silts, clays, and humus layers at a depth of less than 
fifteen inches, while all of the Co/H values except for two, for sediments below 
fifteen inches were less than 2. This relationship is even more regular for the im- 
pounded waters (Fig.20). All the samples with water contents greater than 60% which 
were clays, silts, and humus layers, corresponded to a ratio greater than 2 with no 


exception (Figure 21). 
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C. Results from Kennedy Space Center 

The results of the total carbon content of six selected samples by the 
Carbon-Hydrogen-Nitrogen Analyzer at KSC are presented in Table I. The lower 
limit of four of the six determinations agree closely with the values obtained from 
the combustion method employed in this study. 

A few selected samples were analyzed at KSC for elements using semi- 
quantitative emission spectroscopy. The results are given in Table II. Ali the samples 
analyzed were fine sands. The source of each sample is indicated on Figures 22,23. 
Although both 1138D and 117C were obtained from the impounded waters near Banana 
Creek, it is obvious from the map of the area that they were taken from two very 
different locations, which is reflected in the different elemental content of these 
two samples. Sample 117C contained the highest value of aluminum, iron, and mag- 
nesium of all the samples analyzed. It is possible that the elemental composition 
is connected to the location of the sample site. There appears to be a progressive 
decrease in aluminum content from core 117 to 1-18 as indicated on Figure 22, and 
a simultancous increase in calcium content. The similarity between the composition 
of samples 1-17 and 1-18 could be attributed to their similar location at the mouth 
of Banana Creek. Sample 2-2 (Figure 23) was obtained from a very different location 
and appears to be unique in its composition, especially in calcium content, which was 


the highest value obtained. 


Table I. 


Sample 


1-25~-1 
117-D 
117-C 
1-1-A 
113-D 
1~25-7 


Table I. 


Core No. 


Element 


Al 


CHN Analysis of Selected Samples at KSC 


Combustion 


%C 


3. 63 
0. 67 
0. 58 
71 
-61 


Elemental Analysis 


113-D 


0.1 
0. 001 
0.1 
0.001 
0.1 
0.01 
0.01 
0.1 
0.1 
0.1 
0.1 


117-C 


1,25 


0.005 . 


0.5 


0.001 


0.75 
0.1 
0.005 
0.5 
0.1 
0.075 
0.005 
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CHN 
%C 

4, 08% 
1.19 
1,45 
0.818 
1.19 
0. 686 


% Standard Deviation 


0. 28 
0. 39 
0.29 
0. 042 
0.31 
0, 224 


% = 100% of value reported 
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0. 25 
0.005 
1.0 


0.005 — 
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0.005 
0.005 
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0. 05 
0. 05 
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1-18 


0,25 
0.001 
1.0 
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0.01 
0.01 
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0.05 
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VI. DISCUSSION 


Several results obtained in this study agree with those reported in the litera- 
ture. For example, the organic content of the silts and clays was 3 to 4 times greater 
than that of the sands, which was less than 1% (Figure 10). This result agrees with 
the data presented by Biggs (1967), Bordovskiy (1965) and Gross (1967) and is prob- 
ably due to the fact that organic matter is usually transported and deposited with fine 
grained material. According to Riley (1965), the higher organic content of clays and 
silts implies poor ventilation of the bottom water and a low rate of exchange with 
sediment. Consequently, a large part of the organic matter is not decomposed and 
is preserved and buried in the sediment. The preservation of organic carbon is also 
favored by anaerobic conditions. The sands are poor in organic matter because they 
generally accumulate in agitated, well-ventilated water, and do not get washed away 
like the lighter clay and silt particles, 

Grain size of sediment is not the only factor controlling the amount of organic 
matter, The influence of sedimentation rate on the organic content of the sediments 
studied was evidenced by the fact that the samples with the highest organic carbon 
content contained the lowest carbonate carbon and vice versa (Figure 14). Gross (1965) 
found the same relationship for the sediments of the Northeast Pacific, and presented 
a curve very similar to Figure 14. In areas where sedimentation rates are low cal- 
careous remains predominate due to the oxidation of organic matter. Where the rate 
of sedimentation is rapid, the organic carbon predominates because there is not much 
time for oxidation before the organic matter is buried in the sediment (Gross, 1965). 
The results of this study might indicate that the sedimentation rate in Area 2 is lower 
than that of the impounded waters since the highest carbonate values were found for 


cores 2-29 and 2-19, while the highest organic carbon values were found for cores 
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117, 118, 119, 113 (Figure 14). The high organic values for cores 113, 118, and 
119 were located in humus and peat layers and could also be attributed to the greater 
terrigenous nature of this area, while the high value for core 117 was found for a silt 
layer and might be more dependent on sedimentation rates and ventilation of bottom rm s 
water. 

The organic content of the sediment could also be indicative of the rate of 
decomposition by bacteria, It has been found (Bordovskiy, 1965) that the granulo- 
metric composition of the sediment affects both the distribution and physiological 
“aOLivily of the bacteria in the sediment. Bordovskiy (1965) averted that 95% of the 
organic matter in sands is decomposed in 40 days from bacterial action, while only 
75% of the organic matter in clays is decomposed in the same time. The difference 
in decomposition rates is due to the fact that the majority of bacteria in fine grained 
sediments are adsorbed on the mineral particles and their functions are restricted. 
In coarse sediment, the bacteria are located between the particles and are in a freer 
state (Bordovskiy, 1965). Of course the availability of the organic watts will also” 
influence the decomposition rate. 

The general decrease of organic carbon with depth into the core (Figure 11) 
was also reported by Biggs (1967), Bordovskiy (1965), and Bortleson (1972). This 
decrease in organic carbon is probably due tothe decay of organic matter with time. 
In general, the decrease is irregular but most pronounced in the top ten inches of the 
core. According to Bordovskiy (1965) the process is slowed down below the first few 
inches due to a change in environmental conditions. In the upper layer of sediment 
the biological activity is the main decomposing agent. Lower down the core the bac~ 
teria are recuced mainly because the nutrient reserve is used up, and other factors 
predominate such an increasing toxicity of medium, and biochemical agents like en- 


zymes. The decrease of organic carbon with depth into the core is most regular for 
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the cores from the impounded waters and Area 1. Probably the organic matter in 
these areas was more available for bacterial oxidation than that of Area 2 in the 
past years, 

It is difficult to attribute the trend in organic carbon content to any one 
factor. It is the result of the combined effects of sedimentation of carbonate carbon, 
organic carbon, and inorganic compounds; the peoduction of organic matter; and its 
introduction from external sources. 

Several relationships between the Co/H of the sediments and other parameters 
were presented in the Results section (page 35.). The C/H for humic acids was dis- 
cussed in detail by Bordovskiy (1965, see Background), but no mention was made in 
the literature of the Co/H for all of the organic matter in the sediment. Possibly the 
Co/H of the sediment could be used to indicate the degree of oxidation of the organic 
matter, with a high C,/H indicating a more oxidized state of organic compounds and 
a small Co/H indicating a more reduced state, or a considerable amount of hydrated 
compounds. 

The Co/H values for the impounded waters ranged from 0.3 to 5, with nine 

‘values between 2 and 5. In Area 1 the values ranged from 0,04 to 1,9, with only three 
ieee than 1, and in Area 2 from 0.05 to 19 with seven values below 1. These results 
might indicate that the organic matter in the impounded waters was more available 
for bacterial oxidation and is in a more oxidized state than that of Areas 1 and 2, 

A higher Co/H might also be indicative of a more aerobic condition, since oxygen 
is needed for bacterial decomposition. The low Co/H ratios might indicate that there 
are hydrated compounds in these sediments, 

In general the Car H decreased with depth into the cores, indicating that the 
organic matter is being transformed with time to the precursors of crude oil. This 


transformation of organic matter to a more reduced state in the lower layers of 


45 - 


sediment is a natural phenomenon (Riley, 1965). 


= rote reer ts rR: 
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V0. CONCLUSION 


A summary of the correlations ebtaiied and their statistical significance 
is presented in Table Il. A relationship is considered significant when the probability, 
P, is 0.05 or less that the value of the correlation coefficient, r, will occur by chance. 
The relationship between organic and carbonate carbon is not linear hut in agreement 
with that reported by Gross (1967) and Kogler (1967). When the relationship agreed 
with the literature, the reference is given. 

From the general appearance and odor of the split cores one would probably 
conclude that the first few centimeters of water directly above the surface sediments 
is deficient in oxygen. All the cores contained color banding ranging from light grey to 
dark grey and black, with green hucs. According to Biggs (1967), this banding along 
with hydrogen sulfide odor are indicative of a lack of dissolved oxygen in the overlying 
water, Area 2 in particular contained cores which were extremely dark on the top at 
the sediment water interface, and lighter on the bottom. Dark followed by light banding 
indicates deposition during alternating anaerobic, and aerobic conditions. 

The higher organic carbon and C)/H values for the surface sediments of the 
impounded waters suggests a more rapid rate of sedimentation along with a more aerated 
conditicn than that of Areas 1 and 2. The more pronounced decrease of organic carbon 
with depth into the core for the impounded waters might indicate that the organic matter 
in this area was more available to bacterial oxidation. 

The irregular profiles of the various parameters with depth into the core 
(Appendix), especially organic carbon, might be indicative of changes in sedimenta-~ 
tion rates and productivity in the past, and could probably be used to trace the in- 


fluence of cultural activities of man on the area. 


Parameters 


Co, Size 

Co, Depth 

Co, Water content 
Co, H 

Co/H, Water content 
Co/H, Depth, Imp. 
*Co/H, Depth, All 
*Co/H, CO 

*H, Depth 

*Ct, Depth 


Co; CO3 


Grey~black, banding, HoS Odor 
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TABLE HI 
Summary of Results 


m b r 
~7.13 1.73 -0.7 
“5.22 20.3 ~0.55 
63, 35 13.7 0,72 

0.49 0.32 0.56 
18,59 20,1 0,41 
4.84 23.8 ~0. 76 
~1, 87 16,1 ~0, 26 
~0,5 4,54 -0,14 
-4,4 14, 88 -Q,13 
-0. 63 13. 61 -0.09 


not linear 


*not statistically significant 


P 
0.001 


0. 01 


0.001 


' 0.001 


0.01 
0.001 


0.1 


Reference 
1, 2,5 


1,2 


7 


5,7 
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It is a general feature of clays, silts, humus, and peat to have considerably 
higher water contents than sands, The linear relationship between organic carbon and 
water content (Figure 12 ) was expected and a similar trend was reported by Kogler 
(1967). 

Too few samples were analyzed for elemental composition to obtain any sig- 
nificant trends or agreement with the literature. According to Bortleson (1972), the 
amount of aluminum, potassium, magnesium, and calcium depend upon the rate of 
supply of particulate and dissolved mineral matter, the biological or chemical pre- 
cipitation of carbonates, and variations in the accumulation of the sediment. In gen- 
eral, calcium is more easily leached from the soil than magnesium. The distribution 
of iron and manganese is strongly influenced by the redox conditions in addition to the 
supply of dissolved and particulate matter, and accumulation of sediment. Iron is 
usually associated with clay minerals and sulfides. 

No correlation between iron content and clay content could be obtained since 
all the samples analyzed were fine sands. The higher values of aluminum, iron, and 
magnesium for core 117 might suggest higher rates of supply of dissolved and parti-~ 
culate matter to this area, but more data is needed to conclude this hypothesis, Cores 
2-2, 1-17, 1-18 contained a higher shell content than the others analyzed and might 
explain the higher calcium values for these cores. The major trend observed for the 
elemental composition of the sediments was that a regular composition corresponded to 


a similar location (see Results). 
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VII. RECOMMENDATIONS 


According to Gross (1967), the dissolved oxygen in the bottom waters may 
control, to a large extent, the amount of organic carbon in the sediment. At certain 
depth intervals, the amount of organic carbon in the sediment is inversely related 
to the concentration of dissolved oxygen in the overlying water. In order to obtain 
a complete understanding of the sediments of the Indian River and the impounded 
waters, dissolved oxygen values should be determined for the water above the col- 
lected cores. | 

The redox state of the environment should also be determined when studying 
sediments. Biggs (1967) suggested that the sulfate to chlorinity weight ratios in the 
interstitial waters be determined. In reducing environments, the ratio is lower than 
0.14 due to the breakdown of the sulfate molecule (Biggs, 1967), 

Finally, in order to obtain a complete understanding of the environment, 
the pH and E} should be obtained. These two parameters have been used by many 
authors to obtain information about compositional changes, chemical reactions, 

- biological populations, diagenesis, and sediment color (Biggs, 1967; Bordovskiy, 


1965). 
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Variation of Organic Carbon, Grain Size, Carbonate Carbon, Hydrogen, Water 


Content, Total Carbon, and Co/H with Depth into Core, 
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ABSTRACT 


Relatively large bacterial populations were encountered in areas 
of restricted water movement in and around the Kennedy Space Center. 
The sediments within the areas of restricted water movement contained 
relatively high concentrations of hydrogen sulfide. Cultures made from 
these sediments yielded sulfide producing organisms that were gram- 
positive, spore-forming, rod shaped anaerobes, 

In order to establish a relationship between bacterial numbers and 
hydrogen sulfide production, it was necessary to determine the best indi- 
cator applicable for estimating the numbers of sulfide producing bacteria 
in mixed cultures, In doing so, the distribution of sulfide producing bac~- 
teria in representative segments of the Indian River lagoonal system might 
be useful as an indicator of the transport of carbonaceous materials into 


the segment, 
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I. INTRODUCTION 


The lagoonal system on the East Coast of Central Florida, which 
encompasses the Kennedy Space Center, consists of the Indian River, the 
Indian River Lagoon, and the Banana River. The system extends from . 
Ponce de Leon Inlet near New Smyrna Beach to the St. Lucie Inlet (Fig. 1). 
The representative water depth is approximately six feet except for the 
width of the Intracoastal Waterway. The water is lagoonal and estuarine. 
The salinity, depending on rainfall and fresh water runoff, ranges betweea 
12 and 36 parts per thousand (7). Such water movement as occurs is gen- 
erally wind driven. 

In a study of the channels and man-made canals of the west central 
coast of Florida, Betz (2) cultured the sediments for Clostridium perfringens 
using a selective medium developed by McClung (6) for the study of food con- 
tamination and reported: 

'We have detected C. perfringens specifically in the presence of 

many other potentially similar organisms and our statement of 


their concentrations is a significant though very conservative 
minimum, defensible against any reasonable doubt. '' 


C. perfringens is a gram-positive, rod shaped, spore-forming, obligate 
anaerobe that produces hydrogen sulfide in suitable culture, and is known 
to cause gas gangrene in humans. 

Sherman (12) also isolated gram-positive, spore-forming, rod shaped, 
anaerobic organisms from sulfide sediments collected on or near the Kennedy 
Space Center. These organisms, shown to be members of the genus Clostridium, 


produced hydrogen sulfide in culture, using ethion, a commercial pesticide, 
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as the only source of sulfur. 

The prior investigation of sulfide ion concentrations in the sedi- 
ments of the Indian River collected near Delespine and near Vero Beach 
by Akimoto (1), indicated that low levels, less than 4 mg. per cent, could 
be expected in most of the lagoonal sediments. Further, higher levels 
might be expected in samples which were collected from sites under six 
or more feet of water. 

It seemed reasonable, therefore, to anticipate the isolation of 
Clostridium species, and to ascribe to them a role in the microbiology of 


the lagoons. 


0. STATEMENT OF THE PROBLEM 


Bacteriological surveys of the lagoonal waters in and around the 
Kennedy Space Center were conducted during 1972 to locate areas of rela~ 
tively high bacterial eépulattone: When such areas were encountered, a 
study of the water columns and the underlying sediments was conducted 


in order to determine the predominant types of bacteria and to gain some 


insight into their activities. 


TI, METHODS AND MATERIALS 


A. Sample Sites 

Predesignated sample sites were used for the bacteriological sur- 
vey of the Kennedy Space Center. The intersections of longitudinal and 
latitudinal lines drawn at one minute intervals on the National Fish and 
Wildlife Service Chart Number 4R-FLA~-632-406, "Merritt Island National 
Wildlife Refuge," served to locate them. Other sites which did not occur 
on the resulting grid were selected to satisfy specific interests. 

As shown in Figure 2, the sites were labelled numerically and pre- 
fixed with the numbers 1 through 4 in accordance to the general sampling 
area, Area 1 included the waters of the Indian River north of the Orsino 
Causeway and south of the Titusville Causeway, as well as Banana Creek, 
Area 2 included the waters of the Indian River north of the Titusville Cause- 
way. Area 3 consisted of the southern portion of the Indian River lagoon 
below the Haulover Canal, Area 4 included the waters of the Banana River 
north of the Bennett Causeway and the turning basins within Port Canaveral, 

Sample sites for the studies at the Vero Beach Municipal Power 
Plant and the Orlando Utilities Commission Power Plant had been located 
and identified previously (9,10) using the United States Department of 
Commerce Nautical Charts 843-SC, "Intracoastal Waterway, Tolomato 
River to Palm Shores, Florida," and 845-SC, ‘Intracoastal Waterway, 
Palm Shores to West Palm Beach, Florida. " 

Related studies on the west coast were conducted at Punta Gorda, 


Florida. Specific local maps were used in locating the actual sample sites 
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employed by other investigators. ‘The sampling arca consisted of four 


groups of sites (8): 


1, 


2, 


3 


Four sites within the open waters of Charlotte Harbor 
Six sites in a canal system having no access to open waters 


Four sites within a canal system having access to the open 
waters of Charlotte Harbor and adjacent to the closed canal 
system 


Four sites within an established (more than ten years old) 
canal system having access to Charlotte Harbor. 
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B. Sample Collection 

Surface water samples were collected in sterile, plastic, 100 ml, 
bottles from a depth of six inches below the surface. The capped bottles 
were immersed, uncapped, filled and recapped underwater to avoid col- 
lecting airborne contaminants. 

Water column studies conducted within Banana Creek required 
that samples be collected from the bottom sediments and from the water 
at two foot intervals between the bottom and surface. The water samples 
were collected from preselected depths by means of a self-sealing glass 
water bottle and holding device. A twenty foot length of monofilament 
fishing line (80 lb, test) was attached to a rubber stopper. The stopper 
was placed in the mouth of a three ounce glass medicine bottle and secured 
with two rubber bands as shown in Figure 5. The bottle was then placed 
in a paper bag, sealed, and sterilized in an autoclave for 20 minutes at 
15 lbs, pressure (150°C. ). 

The holding davies was constructed of PVC plastic and fiberglass 
screening. A six inch length of four inch diameter PVC pipe was capped 
at one end. A hole, iarge enough to accomodate the bottle neck, was drilled 
through the cap. A one inch piece of four inch diameter PVC pipe was cov- 
ered with fiberglass screening and attached to the bottom of the device by 
using additional fiberglass screening as a flexible hinge. The device was 
then attached to the end of a three foot length of three-quarter iach diameter 
PVC pipe. The opposite end of the pipe was outfitted with a screw-type 
connector as shown in Figure 6, Four additional three foot lengths of pipe 


were fitied with alternating male and female screw~-type connectors and 


DEEP WATER SAMPLE BOTTLE AND CLOSURE — 


FIGURE 5 
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marked at me foot intervals for collecting samples at depths greater 
than three feet. 

When ready for use, a sterile sample bottle was removed from 
the paper bag. The bottle was placed in the holding device with the rubber 
stopper and line protruding through the hole in the ae The hinged bottom 
was then closed and fastened with a rubber band. The end of the line was 
held in hand and the device lowered to the desired depth. The line was 
pulled, dislodging the stopper and allowing the bottle to fill. When the line 
was released, the rubber bands forced the stopper back into the bottle mouth, 
sealing the bottle. 

Sediment samples were obtained by one of two methods. The most 
convenient method was to drag a standard Danforth anchor and collect the 
sediment sample adhering to it after raising. At sites where the sediment 
samples could not be collected this way, a length of three-quarter inch 
diameter PVC pipe was used as a simple coring device. The sample was 
removed from the anchor or from the pipe, placed in a plastic bag, and 


sealed with a wire tie. 


C. Sample Storage 

All samples were processed in a mobile laboratory which was 
usually available in the sampling area. Inoculations were initiated within 
four hours of collection. When the mobile laboratory was not available, 
the samples were refrigerated in an ice chest and returned to the laboratory 
facilities at the Florida Institute oi Technology for processing. The time 


cicosed between collection and processing rarely exceeded six hours. 


FIGURE 6 
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HOLDING DEVICE FOR COLLECTING WATER 
SAMPLES AT DEPTHS 
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Sediment samples collected simultaneously for sulfide ion analyses 
were alkalinized immediately with sodium hydroxide pellets in order to 
trap volatile hydrogen sulfide as non-volatile sodium sulfide, this pre- 
venting any loss of hydrogen sulfide during transport and preliminary 


treatment, 


D. Sample Preparation 

Using sterile techniques and standard procedures, 10 ml. of each 
water sample were diluted in ten-fold series from io? through io, 
inclusively, in suitable sterile water blanks. When sediments were studied, 
one gram, wet weight, of each sample was suspended in 100 ml. of sterile 
distilled water blanks and diluted in ten-fold series from 107° through 107", 
inclusively. One ml, aliquots of each dilution were then used to inoculate 
tubes of NIH Thioglycollate medium (Difco) and 10 ml. aliquots to inoculate 
Lactose Broth (Difco). 

Alkalinized sediment samples for sulfide ion analyses were placed 
in suitable containers and dried in an oven at 100°C. for 48 hours. Twenty-~ 
five grams of sediment were weighed out and processed as described by 


Akimoto (1). 


E. Anaiytical Methods 
The initial survey and subsequent studies of the lagoonal waters 
and sediments near the Kennedy Space Center employed the following tests: 
1, 25 Tube MPN (most probable number) of total bacteria (11) 
2. Multiple (8) Tube Presumptive Coliform MPN 


a. EMB- E.coli, confirmation 
! b. E.C. -E. coli, fecal types 
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3. Microscopic examination of Gram-stained 
smears made from MPN cultures 


Details of these methods are presented in the Appendix. 

In addition to the above, SS agar (Difco), Sabourad's agar (Difco), 
and Nutrient agar (Difco) were inoculated with one ml. aliquots of each 
diluted sample collected from the Banana Creek area during a water column 
study. 

The sediments collected from the Banana Creek area were cate- 
gorized as follows: 

1, "Sulfide muds" - any sediment that offered olfactory evidence 

of hydrogen sulfide. Usually grey clays to brown and black 


silty sands. 


2. ‘Fine sands" ~ usually fine uniform sands with little evidence 
of plant material, regardless of color. 


3. Sands" - usually fine to medium sands with some shell frag- 
ments; various colors, 


The distribution of the sediment types in the Banana Creek area is 
demonstrated in Figure 7. 

In determining the relative numbers of sulfide producing organisms, 
a procedure using iron wire was employed. The wire was cut into two inch 
lengths and cleaned in hydrochloric acid, rinsed several times with distilled 
water, and then sterilized in a flame, One strip was then placed in each in- 
oculated tube which had been incubated and in which growth had occurred. 
The tubes were reincubated at room temperature for 24 hours, After this 
time, the appearance of black iron sulfide was considered indicative of 
suifide production. The most propable number of sulfide producing bacteria 


was then estimated using Porter (11) as a guide, 


A parallel test was conducted using lead acetate paper. Strips 
of lead acetate paper were placed in a paper bag, sealed in aluminum foil, 
and sterilized in an autoclave for 20 minutes at 15 lbs, pressure (150°C. ). 
One strip of paper was then placed in the neck of each inoculated thio- 
glycollate tube which had been incubated and in which growth had already 
occurred, The paper was held in place by the plastic cap. Again after 
reincubating at room temperature for 24 hours, the strips were inspected 
for the appearance of black lead sulfide. 

Cultures growing in the tubes exhibiting evidence of sulfide pro- 
duction were streaked on petri plates containing 1.5% agar with NIH For- 
mula Thioglycollate (Difco) medium as a nutrient source. The plates were 


then incubated anaerobically for 48 hours at 35°C. in a disposable system 


(GasPak-BBL). Fresh tubes of fluid thioglycollate medium were inoculated 


fromi isolated colonies that were checked for purity by microscopic exami- 
nation of gram~stained preparations, and then forwarded to an independent 
laboratory for confirmation of generic identification. 

The chemical procedures for suifide ion analyses of the sediments 
were conducted according to Standard Methods (13) as modified by Akimoto 
(i), wherein the alkalinized sample was acidified with concentrated hydro- 
chloric acid to liberate gaseous hydrogen sulfide. The hydrogen sulfide 
gas was bubbled through a cadmium chloride solution, trapped as cadmium 


sulfide and then titrated iodometrically. 
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IV. RESULTS 


In the lagoonal waters of Area 1, the highest bacterial counts, 

over 104 per 100 ml. of sample, were obtained from the water samples 
collected at sites within Banana Creek and in the waters west of the mouth 
of Banana Creek, One other water sample collected at site #1-4 also had 
an MPN of over 104 per 100 ml, as shown in Figure 8. MPN's of less 
than 104 per 100 ml. were obtained from samples collected at all other 
open water sites in this area, Twelve water samples from mosquito con- 
trol impoundments located northwest of and adjacent to Banana Creek, had 


bacterial counts between 4,9 x 104 and greater than 1.6 x 10° 


per 100 ml. 
of sample. 

As demonstrated in Figure 9, only two water samples from Area 2, 
at sites #2-1 and #2-19, had MPN's greater than 10° per 100 ml. of sample. 
Again, two samples of the impounded waters, the sites located between the 
Titusville Causeway and the Florida East Coast railroad bridge, had bac- 
terial counts of 4,6 x 10° and 1.6x 10° per 100 ml. of sample, 

In Area 3, the sample taken from site #3-1, located at the mouth 
of Max Hoeck Creek, had an MPN of 1.3 x 10°, as shown in Figure 10. 

All other samples collected from the Indian River Lagoon had bacterial 
counts of 8.0 x 10° or less, whereas the two samples collected from the 
impounded waters northwest of Max Hoeck Creek, sites #318 and #311, 
had MPN's of 4.9 x 10° and 7.0 x 10° per 100 ml. of sample, respectively, 


As indicated in Figure 11, two samples from sites in Area 4, located 


north of Cactus Point, had MPN's greater than 104 per 100 ml. of sample, 
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FIGURE 9 GEOGRAPHICAL DISTRIBUTION OF BACTERTAL 
POPULATIONS (MPN) IN SURFACE WATERS OF 
AREA II 
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FIGURE 10 GEOGRAPHICAL DISTRIBUTION OF BACTERIAL 
POPULATIONS (MPN) IN SURFACE WATERS 
OF AREA III 
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The sample from site #4-29, located at the west end of the Barge Canal, 
had au MPN of 3.2 x 104 per 100 ml. of sample, and that sample from 

site #4-24, located in an impoundment north of the NASA Causeway, had 
an MPN of 1.7 x 104 per 100 ml. of sample. South of Cactus Point, samples 
from three Bikes: #4-9, #4-10, and #4-11, located on an east-west line be- 
tween Middle Point and a radar installation on the opposite shore, had bac- 
terial counts of 4.6 x 10°, 2.3% 10°, and 1.6 x 10° per 100 ml. of sample, 
respectively, It is notable from Figure 11 that the samples collected from 
the southern portion of Area 4 had relatively higher bacterial counts than 
did those from the rest of the area. Samples from sites #4-34 and #4-35, 
located within the protected waters of the turning basins within Port Cana- 
veral, had MPN's of 1.3 x 10° and 8.4 x 104 per 100 ml, of sample, res- 
pectively. The two samples from sites #4-36 and #4~-37 also located in 
quiet waters north of the Bennett Causeway, had MPN's of 2,3 x 10% and 
3.2.x 104 per 100 ml, of sample, respectively. 

In Area 1, samples of water taken from seven sites in the impound- 
ments northwest of and adjacent to, and one site within Banana Creek yielded 
presumptive coliform counts between 10° and 10° per 100 ml. of sample. 
Similar evidence was obtained from only one sample from Area 2 and three 
samples from Area 4. No coliforms were cultured from samples collected 
in Area 3. Escherichia coli was seldom detected and fecal E, coli was 
never detected in any sample collected from the Kennedy Space Center area, 

In general, the highest bacterial counts were obtained from the 


samples collected in the Banana Creek area. Therefore, a vertical water 


column study was conducted as described. As may be seen from the site 
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profiles in Figure 12, sediment samples taken at each site in Banana Creek 
and at selected sites beneath the waters immediately west of the mouth of 
Banana Creek had higher bacterial counts than did the water samples taken 
above them. The highest MPN, 1.6x 10°, was obtained from one gram, 

wet weight, of the sediment sample collected at site #S-8, located at the 
mouth of a waste water outfall, east of State Road 3. Coliforms were cul- 
tured from the sediments collected at sites #S-8, #S-9, #S-10, and #S-11, 
located east of State Road 3; sites #1-28, and #1<29, located within Banana 
Creek; and site #1-8 in the open lagoon. The respective MPN's of coliforms 


were 10°, 40-,.10°, 16°: 107..10° 


» and 10° per gram, wet weight, of sedi- 
ment sample. The water sample taken from the mouth of the waste water 
outfall, site #8-8, also had a coliform count of 10° per 100 ml, of sample, 
as shown in Figure 13. No evidence of the presence of E. coli was obtained 
from any sample collected in the Banana Creek area. Neither were Salmonella 
and Shigeila cuitivated from any sample on a medium selective (SS Medium, 
Difco) for these genera. 

When the sediments were grouped according to geological type, re- 
gardiess of the height of water above the site, those designated as "sulfide 
muds" generally had bacterial populations an order of magnitude greater 
than those designated as "fine sands", and two orders of magnitude 
greater than those designated as "sandy". These data are summarized in 
Figure i4. Smears were made from the mixed cultures cultivated irom the 
sulfide sediments and stained by Gram's method (5). The predominant 
ocganism was a gram-positive, spore-forming rod that was anaerobic in 
culture. “./1en streaked on thioglycollate agar (1.5 percent ) plates, they 


produced colonies thai were irregular, raised, and erose. 
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FIGURE 11 GEOGRAPHICAL DISTRIBUTION OF BACTERTAT, 
POPULATIONS (MPN) IN SURFACE WATERS OF 
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In a related study conducted at Punta Gorda, Florida, the sediment 
samples also had higher bacterial counts than the water above them, and 
again the predominant organism was a gram-positive, spore-forming rod. 
Inthe Punta Gorda study, as shown in Table 1, the water samples collected 
from Charlotte Harbor had MPN's of total bacteria between 0 and 3.3 x 104 
per 100 ml. of sample, with a median count of 4.5 x 10° per 100 ml. of 
sample; whereas the sediment samples had bacterial counts between 3.1 x 
10° abd 1.6 x 10° per gram, wet weight. Sulfide ion concentrations in the 
sediments ranged between 0.0 and 7.65 mg. percent, dry weight (8). 

Water samples collected from a canal system not yet connected to 
Charlotte Harbor had MPN's of total bacteria ranging between 0 and 1.7 x 


104 per 100 ml. , with a median of 2.0 x 10° per 100 ml. of sample. The 


bacterial counts of the sediment samples were between 1.7 x 10° and 2.4.x 
10° per gram, wet weight, with a median of 1.3 x 10’, per gram, wet weight. 
Only two sediment simples from this area contained detectable sulfide ions, 
one 6,71 mg. per cent, ani the other 16.63 mg. per cent (8). At both sites, 
the MPN's of total bacteria were less than the median. 

Water samples coilected from an adjacent canal system recently 
opened to Charlotte Harbor had bacterial counts between 0 and 7.8 x 10° 
per 100 ml., with a median of 2.0 x 10° per 100 ml. of sample. The MPN's 
of the sediment samples ranged between 1.5 x 10° and 2,3 x 10° per gram, 
wet weight. Again, two sediment sampies yielded detectable sulfide ions 
(6.97 and 17,17 mg. per cent} (8). However, no sulfide was detected in the 


sam te which yielded the highest MPN of total bacteria. 
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TABI.“ 1 “RELATIONS OF TOTAL BACTERIAL POPULATIONS (MPN) OF SAMPLES COLLECTED FROM 
SURFACE, MIDDLE, AND BOTTOM WATERS WITH THOSE COLLECTED FROM THE SEDIMENTS 
AT PUNTA GORDA" 


eroa Total Bacterial Populations Average Bacterial Populations Average Bacterial Populations 
(MPN) of Waters (MPN) of Water Column (MPN) of Sediments 
(x 103) 
. Range __ Median Surface Middle Bottom 
Open 4 3 6 
Harbor 0- 3.3 x 10 4,5 x 10° 7.1 7.7 12.5 7.07 x 10 
New 3 4 7 
Open 0- 7.8.x 10 2,0 x 10° 2.5 2.45 3.25 1.24 x 10 
Canals 
Closed “f 3 7 
Canals 0-1.7x 10 2,0x 10 5.83 4,05 3.90 4,85 x 10 
Old 4 4 7 
Open 0- 1.9.x 10 7.8x 10° 8. 62 4.6 10. 95 1.63 x 10 
Canals 


6% 
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Water samples collected from an established canal system yielded 
bacterial counts between 0 and 1.9 x 107 per 100 ml. of sample, witha 
median of 7.8 x 10° per 100 ml, of sample and the sediment samples had 
MPN's between 2.3 x 10° and 3.3 x 10! per gram, wet weight, of sample. 

A sulfide ion concentration of 14.15 mg. per cent was found in one sample 
(8). 

In presenting the data, ranges and medians of MPN's of bacteria 
obtained from the collective water samples were generally used. In addition, 
the MPN's of total bacteria obtained from the samples of surtace, mid-depth, 
and bottom waters, collected at Punta Gorda, were averaged in order to gain 
some insight into the general distribution of bacteria throughout the water 
columns. As shown in Table 1, in three of the four areas the average MPN's 
of total bacteria yielded by the surface sampies were less than those d the 
bottom water samples. The average MPN of total bacteria obtained from 
the surface water samples coilected from the closed canal system was higher 
than that of the bottom water samples. It was also noted that the waters of 
the closed canal system were more saline than the open waters of Charlotte 
Harbor. Whether the increased salinities of the waters in the closed canal 
system had any effect on the bacterial populations in these waters was not 
determined. 

Following the study at Punta Gorda, sediment samples were collected 
at nine sites approximating those sampled by Akimoto (1) at Vero Beach. 
MPN's of total bacteria revealed that larger numbers of bacteria might be 
expe. ed from sites in deeper waters. Samples collected at sites which 
had water depths of six feet of greater, tor example, had total bacterial 


counts between 1.4 x 10° and 2.4.x 10° per gram, wet weight, whereas 


31 


samples collected at sites with water depths of less than six feet had bac- 
terial counts between 1.8 x 10° and 1.3 x 10° per gram, wet weight. As 
demonstrated by Figure 15, MPN's of sulfide producing bacteria, estimated 
from grown cultures as described, in sediments collected at sites six feet 

or more below the surface ranged between 4.5 x 10°and 1.3x 10° per gram, 
wet weight, with a median of 1,3 x 10° per gram, wet weight. MPN's of 
sulfide producing bacteria obtained from samples taken from sites with water 
depths of less than six feet ranged between 2.0 x 10° and 7.0 x 104 per gram, 
wet weight, with a median of 8.0 x 10° per gram, wet weight, of sample. As 
indicated in Table 2, similar results were obtained during a study conducted 
near the Orlando Utilities Commission Power Plant. at Delespine, Florida, 


# 


Microscopic examination of the smears made from the cultures grown 


, 


from ‘the sediment samples collected at Vero Beach revealed that the pre- 


“" dominant organism was a gram-positive, spore-forming rod similar to those 


encountered in the other areas studied, 

The use of iron wire enabled an apparent correlation to be made be~ 
tween the numbers of sulfide producing bacteria and the occurrence of sulfide 
ion concentrations in the sediments. However, the applicability of the iron 
wire for determining the MPN of sulfide producing organisms had to be con~ 
firmed. 

A sediment sample yielding strong olfactory evidence of hydrogen 
sulfide was collected from the Indian River near the Florida Institute of 
Technology Anchorage. The sample was prepared as previously described 
and ..sed to inoculate three sets of 25 Tube MPN tests concurrently. In one 


set, iron wire was placed in the tubes; the second had lead acetate paper 
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FIGURE 15 POPULATIONS (MPN) OF SULFIDE PRODUCING 
BACTERIA IN THE SEDIMENTS AT VERO BEACH 


LEGEND 


( ) = DENOTES DEPTH OF WATER IN FEET 


TABLE 2 "RELATIONS OF THE TOTAL BACTERIA (MPN) AND SULFIDE PRODUCING BACTERIA (MPN) 
WITH WATER DEPTHS OF THE SEDIMENTS COLLECTED NEAR THE ORLANDO UTILITIES 
COMMISSION POWER PLANT NEAR DELESPINE" 


WATER DEPTH TOTAL BACTERIA (MPN) H,S8 PRODUCING BACTERIA (MPN) H,S PRODUCING 
(FEET) PER GRAM, WET WEIGHT, PER GRAM, WET WEIGHT, 2 
OF SEDIMENT OF SEDIMENT TOTAL BACTERIA 
2 4.9x 10° 0 0 
2 1.3x 10° 1.1x 104 . 0846 
2 7.0x 10° 1.3.x 107 .0186 
2 4.9 x 10° 2.6x 10° 0053 
2 6.4.x 10° 2.1.x 10° 328 
2 1.1x 10° 2.0.x 10° 0182 
4 1.3x 10° 2.0x 10° 0154 
4 3.3x 10° 4,5x 10° 0135 
8 2.2% 10° 1.7x 10" 0773 
8 1.3x 10° 4.1x 10° .0316 
10 1.4x 10° 4.5 x 104 . 0321 
10 7.0 x 10° 6.8 x 10° 0971 
12 2.3x 10° 4.6x 10" 0200 
14 1.1x 10° 2.0.x 10° 0182 
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strips held in place in each tube by the plastic cap; and the third with no 
additions served as a control in determining the MPN of total bacteria. 
The controi test indicated an MPN of total bacteria of 5.4 x 10° 
per gram, wet weight, of sample; whereas the fire test employing iron 
wire revealed an MPN of total bacteria of 9,2 x 10° per gram, wet weight, 
of sample. The presence of iron sulfide in the tubes indicated an MPN of 
sulfide producing bacteria of 1.7 x 10° per gram, wet weight, of sample. 
The test employing lead acetate paper also indicated a total bacterial count 
of 5.4 x Los per gram, wet weight, and the presence of lead sulfide on the 
paper indicated an MPN of sulfide producing bacteria of 2,1 x 10! per gram, 
wet weight, of sample. The experiment was repeated three times with the 
following five weeks and the results are summarized in Table 3, 

The mixed cultures were streaked on thioglycollate agar (1.5 per 
cent) plates and incubated anaerobically at 35°C. for 24 hours. Fourteen 
strains of gram-positive, spore-forming rods were isolated and used to in- 
oculate fresh tubes of fluid NIH Thiogiycollate medium (Difco), The cultures 
were checked for purity and sent to an independent laboratory for confirmation 
of identification. Nine of the strains were reported to be members oi the 
cenus Clostridium, The remaining five strains were reported as members 
of the genus Bacillus which were facultative anaerobes, 

Sediment samples were once more coliected from the Banana Creek 
area. Both sulfide ion and bacterial analyses were conducted, 

These experiments are summarized in Figure 16, where it is evident 
thi. che highest concentration of sulfide ions, 13.65 mg. per cent, and the 


PS etka ed as ; a 7 : 
highest tocai bacterial count, 7.0.x 10° ser gram, wet weight, in the 


| DATE 
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4-24-73 
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NBG BB "COMPARISON OF TRON WIRE AND LEAD ACETATE AS INDICATORS FOR THE DETERMINATIONS 


OF THE MPN'S OF SULFIDE PRODUCING BACTERIA IN THE SEDIMENTS OF THE INDIAN RIVER" 


TRON WIRE LEAD ACETATE 


MPN (x 10°) MPN (x 10°) HyS Producers — wrpw x 106) MPN (x 106 HeS__ 
Total Bacteria HS Producers Total Bacteria Total HS Total 
920 170 185 540 21 .039 
70 33 471 79 3.2 041 
540 17 031 540 64 .118 
76 3.7 053 79 3.5 044 


SE 
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sediment samples were encountered at site #5-8, located at the mouth of 

the waste water outfall. Both the sulfide ion concentrations and total bac- 
terial MPN's generally decreased with increasing distance in both directions 
from site #S-8, 

However, the MPN's of sulfide producing bacteria did not decrease 
as the sites increased in distance from site #8~8. The highest MPN of 
sulfide producing bacteria, 1.7 x 10° per gram, wet weight, of sample, 
was obtained from the sample collected at the mouth of a tributary draining 


into Banana Creek. 


FIGURE 16 


MPN OF TOTAL BACTERIA, MPN OF SULFIDE PRODUCING BACTERIA, 
AND SULFIDE ION CONCENTRATION (mg %) OF THE SEDIMENTS 
IN THE BANANA CREEK AREA 


LEGEND 
1- S (mg%) 
2— MPN of total bacteria 
(x 109 ) 
3- H>S producing bacteria 
(x 102) 


Le 
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V. DISCUSSION 


A. Occurrences of bacterial populations and sulfide ion concentrations 

Although several samples yielded presumptive evidence of coliforms, 
fecal strains of E. coli were not detected in any sample collected from sites 
in or around the Kennedy Space Center. However, the distances between the 
sample sites and the adverse affects of saline water on coliforms do not pre~ 
clude the possibility of localized pollution by sewage (15). 

The three sample sites on an east-west line in Area 4 were located 
in close proximity to spoil islands on which birds were observed to roost, 
The high bacterial populations obtained from the surface water samples 
collected at these sites are probably due to large amounts of available 
nutrients from guano and other wastes from the birds, All other surface 
water samples which had high MPN's of total bacteria were obtained from 
sites that were located in protected areas or areas of restricted water move- 
ment. It was also noted that the sediments of the areas of restricted water 
movement contained detectable amounts of hydrogen sulfide. Upon further 
investigation, it appeared that there might be a correlation between the 
occurrences of high sulfide ion concentration and large bacterial populations 
in the sediments. | 

However, from the results obtained from the study at Punta Gorda, 
there appeared to be no such correlation between he occurrences of sulfide 
ion concentrations and total bacterial populations in the sediments, It might 
be possible that the occurrences of large concentrations of sulfide ions in 


the sediments of certain areas are due to introduced materials containing 
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sulfur and the activities of sulfide producing bacteria. 

The studies conducted at Vero Beach suggested a correlation between 
sulfide ion concentration (1) and MPN's of sulfide producing bacteria in the 
sediments with increasing depths of water over the site from which the sam- 
ple was obtained. Proliferation of the anaerobic bacteria and the formation 
of anoxic conditions (4) in the sediments under greater water depths, e.g. 
six feet or more, could possibly be caused by decreased competition for 
nutrients by non-bacterial benthic organisms, decreased effects from water 
turbulence induced by wind, and gravitational transport of sulfur containing 
materials from shallower areas. However, large populations of sulfide 
producing organisms were also encountered from samples collected from 
shallow water sites located near the mouths of ganna. Therefore, there 
may be some correlation between the large populations of sulfide producing 


organisms and the possible occurrences of introduced nutrient materials. 
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B. Comparison of iron wire and lead acetate paper as indicators for 
determining the MPN's of sulfide producing materials 


One of the proposals ee this study was to determine the applicability 
of using iron wire as an indicator of hydrogen sulfide production in mixed 
cultures. However, certain problems arose. 

In order to save time, the iron wire strips were cleaned as described 
and placed in the thioglycollate tubes prior to sterilizing in an autoclave. In 
the haste of cutting the iron, some strips were considerably longer than two 
inches, As a result, the iron not submersed in the medium rusted during 
sterilization. This presented a twofold problem. First, the rust settled 
to the bottom of the tube and appeared dark in color, making differentiation 
between the dark iron oxide and the black iron sulfide difficult. Secondly, 

a large amount of rust in the medium could completely oxidize the indicator, 
making the medium less suitable for anaerobic growth. Therefore, during 
subsequent experiments, the iron wire was not placed into the tubes until 
growth had already occurred. 

In order to evaluate the applicability of the iron wire, a parallel test 
was conducted using lead acetate paper as an indicator. Lead acetate paper 
strips were selected as indicators of hydrogen sulfide production for several 
reasons. Lead acetate is recommended as a hydrogen sulfide production 
indicator by the Manual of Microbiological Methods (5), Lead sulfide is very 
insoluble in water and its black color can be readily recognized. However, 
precaution must be taken not to accidentally dip the paper into the medium. 
Lead and its salts, as are the salts of other heavy metals, are toxic to most 


organisms, 
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The iron wire did not prove applicable during the final survey of 
the Banana Creek sediments, As standard practice, the test employing 
lead acetate paper was run concurrently with the same sample. The MPN's 
of sulfide producing bacteria as indicated by the presence of iron sulfide 
did not correlate with those indicated by the presence of lead sulfide. Three 
of the thirteen samples failed to produce any iron sulfide in culture, whereas 
the presence of lead sulfide on the paper strips indicated MPN's of sulfide 
producing organisms of 4.6 x 10°, 3.3 x 10°, and 1.1 x 10° per gram, wet 
weight, of sample, The sulfide ion concentrations found in the sediment 
samples at these sites were 9.12, 1.52, and 6.08 mg. per cent, respectively. 
At site #1-28, the difference between th: two MPN's was on the order of two 
magnitudes. Therefore, iron wire as used in this study was not applicable 


as an indicator of hydrogen sulfide production. 
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C. Hydrogen sulfide producing bacteria 
Certain bacteria can cause a reaction between the sulfhydryl group 


in amino acids with sulfur to produce a disulfide and hydrogen sulfide (14): 
2R-SH +S = R-S-S-R+ HS 
Sulfur utilizing bacteria can be found in areas of organic decomposi- 


tion where hydrogen sulfide is produced. Certain organisms, such as 


Clostridium nigrificans, employ compounds representing the various oxi- 


dative states of sulfur as proton acceptors (3): 


2 CH, - CHOH - COONa + H,SO, = 2 CH, - COONa + HS + 2COo + 2 H,O 


(Sodium lactate) (Sodium acetate) 


The predominant organisms encountered in the mixed cultures pro- 
ducing hydrogen sulfide obtained from the sediments of the Indian River were 
gram-positive, spore-forming rod shaped anaerobes. They were identified 
as members of the genus Clostridium. Similar organisms were also en- 
countered from the sediments collected at Punta Gorda. 

During one sampling excursion, the supply of NIH Formula Thio- 
glycollate (Difco) medium was exhausted. Thioglycollate (Difco) medium 
without indicator or agar was substituted. The MPN's of sulfide producing 
bacteria obtained per gram, wet weight, of sediment sample were generally 
several] orders of magnitude less than previously recorded. It is probable 


that the lack of agar facilitated oxygen diffusion throughout the medium. 
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Since the sulfide producing organisms are obligate anaerobes, the presence 
of oxygen in the medium would inhibit them. Also, any hydrogen sulfide 
present would probably be more easily oxidized. It would therefore, be 
advisable to avoid using medium without anti-diffusion agents, such as 


agar-agar, in studies similar to these, 
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D. Hydrogen sulfide producing bacteria as potential indicators of introduced 
materials to an area 


Banana Creek receives much of the natural fresh water runoff from 
northern Merritt Island as well as waste water from the Kennedy Space Cen- 
ter, As a result, much terrestrial material is introduced into Banana Creek 
enriching the water and especially the sediments. Since the terrestrial 
materials may include enrichments, it might be possible to locate the sources 
of this introduced material by locating areas of increased populations of sul- 
fide producing organisms. 

The water currents in Banana Creek were observed to flow from East 
to West and into the Indian River. The presence of copious amounts of hydro- 
gen sulfide in the sediments located upstream from a few small islands within 
Banana Creek suggests that these islands impede water movement, causing 
nutrient material to be deposited. Should there be only one source of intro- 
duced materials into Banana Creek, the MPN's of sulfide producing bacteria 
should be the highest at that location, and the MPN's of sulfide producing 
bacteria should decrease with increasing distance from it due to dispersion. 
As is evident in Figure 16, this is generally the case in Banana Creek, but 
other sources of enrichment are also suggested. 

It is notable that at the easternmost site, in Banana Creek, #S-11, 
the MPN of sulfide producing bacteria found in the sediment sample was 
relatively small. The samples collected from the other three sites east 
of State Road 3 revealed increasing MPN's of sulfide producing bacteria 
with increasing distance downstream from site #8-11. Sites #S-10 and 


#S-9 are both located at the mouths of small creeks draining into Banana 
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Creek, whereas site #S-8 is located at the mouth of the waste water outfall. 
The sample from site #1-29, located west of State Road 3 and downstream 
of site #8-8, had a lower MPN of sulfide producing bacteria than that from 
site #$-8. There is no apparent tributary, creek, outfall, or other possible 
source of introduced materials located between sites #S-8 and #1-29. The 
sediment sample collected from site #1-28, located at the mouth of a large 
tributary draining into Banana Creek, had a higher MPN of sulfide producing 
bacteria than any other sample collected. This might indicate enrichment 
from both the tributary and the waste water outfall at site #S-8. A slightly 
higher MPN of sulfide producing bacteria occurred in the sediment at site 
#1~-26, located at the mouth of a small creek. It appears that the MPN's 

of sulfide producing bacteria in the sediments generally decrease with an 
increase in distance downstream from a source of introduced materials 
except where there are additional sources of introduced materials. 


Members of the genera Clostridium and Bacillus are gram-positive, 


rod shaped organisms which characteristically form endospores. The endo- 
spore is a dormant cell with a thick protective coating which makes it highly 
resistant to unfavorable conditions. Activation of spore germination may be 
initiated by heat or by the presence of certain chemicals, e.g., L-alanine, 


glucose, or of some reducing agent (3), The anaerobic Clostridium pro- 


duces spores only in an anaerobic environment. The facultative aerobic 
members of the genus Bacillus may produce spores either aerobically or 
anaerobically. Spores may be produced in one area and transported me- 
chanically to another by air or water currents, remaining dormant until 


they reach an environment suitable for germination. 
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A question still remains as to whether the sulfide producing bacteria 
are present in the sediments in their vegetative state or in their spore state, 
Smears were not made from the sediments themselves and examined micro- 
scopically. Further studies in this area should include the preparation of 


smears of the sediments in order to confirm or deny the presence of spores. 


VI. CONCLUSION 


The bacteriological survey of the Indian River lagoonal system in 
and around the Kennedy Space Center indicated no classical bacterial evi- 


dence of sewage pollution, however, large bacterial populations were en- 
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countered in areas of restricted water movement, Associated with the areas 


of restricted water movement are the occurrences of large concentrations 
of sulfide ions in the sediments. 

In attempting to estimate the relative numbers of sulfide producing 
bacteria in mixed cultures from the sediments, it was found that lead ace~ 
tate paper was more applicable than iron wire for determining hydrogen 
sulfide production, 

The predominant sulfide producing organisms in the sediments 


appear to be members of the genus Clostridium, with a few members of 


the genus Bacillus. These or similar organisms are also prevalent in 
areas other than the Kennedy Space Center. Since these organisms may 
exist naturally in either the vegetative or spore state, there may be a lack 
of correlation between the numbers of total bacteria and sulfide producing 
bacteria. However, the occurrences of large populations of sulfide pro- 
ducing bacteria may indicate sources of introduced materials to an area. 


This may prove useful in future studies. 
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APPENDIX 


Most probable number of bacteria per 100 ml of water sample (MPN) supplies (per sample) 


~~ Drocedure: 


Results: 


a. 
b. 


eG 


a. 


25 tubes (5 ml/tube) thioglycollate medium (NIH Formulation) 
6 Sterile water blanks, 90 ml each capped 
7 10 ml pipettes, sterile 


Use "Sterile technique" throughout 

Add 10 ml of sample to 90 ml of sterile water. Shake vigorously for 5 minutes. 
Transfer 10 ml of the ist dilution to a 2nd blank, Shake vigorously 5 minutes. 
Using a fresh pipette, add 1 ml of the diluted sample to each of 5 tubes of 
medium. 


Use the same pipette to transfer 10 ml of the second dilution to a third water 
blank, 


Repeat "d'' and "e'' until 5 tubes of medium are inoculated with each dilution, 
from 1072 to 1076. Be sure to use a fresh pipette for each dilution. 


Prepare dilutions as follows: 
1:10 
1;100 
1;1000 
1:10000 
1:100000 
1:1000000 


Label each row of tubes carefully. Incubate 35°C. Observe at 24 hours and 
48 hours. 


Add the number of tubes of each dilution in which any growth occurred, 


Determine the MPN from the table on p.p. 100-101, Porter; Bacterial 
Physiology and Chemistry. 


Presumptive Test for Numbers of Coliforms 


Supplies: 


5 tubes lactose broth (25 ml) with gas collection tubes inserted 


6 sterile water blanks, 90 ml each capped 


7 10 ml pipettes, sterile 


Procedure: 


a. 


b. 


c. 


e. 


Reference: 


Prepare a series dilution of the sample as described for the MPN determination, 
or use the same preparations 


Add samples of the diluted specimen to the culture tubes according to the 
following: . 


10 ml of 10°? ——> Tube 1 
10 ml of 10°? —> Tube 2 : 
10 ml of 10°! —*» Tube 3 
10 ml of 107° ——®» Tube 4 
10 ml of 1078 ——» ‘Tube 5 


Carefully label each tube, place in the incubator at 35 C, and examine for 
growth and gas formation at 24 hours and again at 48 hours. 


Record any gas formation, or displacement of fluid from the inverted tube, 
according to the incubation time, and the dilution in which it occurred, 


Plate gassing cultures on EMB Agar. Incubate, observe at 24 hours for 
typical E, coli .olonies, 


Gram-stain selected E, coli type colonies and examine at 990K magnification. 
Sraall gram~rods in pure culture completes the test. 


Standard Methods for the Examination of Water and Waste-Water. Page: 596 
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Test for Fecal Coliforms 


Supplies: 
a. Water bath 45°C 
b. Inoculating loop (3mm diameter) 
c. Gassing culture in lactose broth from presumptive test 
d. 5 ml tubes of E.C. Broth with gas collection tubes 
Procedure: 


Using sterile technique, Lransfer 1 loopful of culture from lactose broth 
to E.C. medium or to Boric Acid broth. 


Incubate in water bath for 24 hours. 


Gas production in E.C. medium within 24 hours is confirmed 
test for fecal coliforms. ; 


Reference: 


Standard Methods for the Examination of Water and Waste-Water. P, P.:599-600 


10. 


11, 


12, 
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I, INTRODUCTION 


In studies of the persistence of pesticides in the environment, 
there is little quantitative information concerning the relationships of 
these chemicals to the microorganisms in oceanic and estuarine environ- 
ments. Only scattered data are available concerning pesticide persistence 
in aquatic environments. Microbial processes in the environment regulate 
chemical balances necessary to the sustenance of all higher life. 

From a geobiological point of view, of all microbial processes in 
the sea, next in importance to photosynthesis is the sulfur cycle , 

The sulfur cycle describes sulfur metabolism involving both reductive 
and oxidative processes and their cooperative actions. It is part bier 
logical and part chemical, Each phase of the sulfur cycle involves 
different organisms and different microbial pathways. The cycle has 
significant effects on pH, Eh and phosphorous solubility in water and 
sediments. Sulfur functions like carbon in the energy exchange, acting 
as an electron acceptor, In many plants and bacteria, it is probable 
that both sulfide and sulfate are directly incorporated into biological 
materials and both can be considered important nutritionally. In other 
bacteria, enzymatic data suggest that sulfur in the form of sulfate may 
be of no direct nutritional significance, Sulfides and elemental sulfur 
are Abuponente: ot the earths crust; many of these deposits being formed 
by biological activity. Organic materials can also serve as a source of 
sulfur by anaerobic degradative processes. 


Currently used pesticides are generally organic in nature. 


Unlike some of their inorganic predecessors, mo t organic 
pesticides are decomposed in the environment by biological and physio- 
chemical processes. One group of organic pesticides are the organo- 
phesphorous compounds, so called because of phosphorous content and 
structural composition, Some of these compounds are largely effective 
per_se while others undergo oxidative conversions in plants or animals, 

It is known that soil microorganisms metabolize the organophos- 
pherous compounds fairly rapidly. In general, the higher the moisture 
content, the more rapid the degradation. Therefore, it follows that 
microorganisms and microbial processes in the sea can be directly affected 
by either pesticides per se or their degradation products, In turn, 
microbial activity is probably directly responsible for decreasing per- 
sistence of pesticides in the environment. Microbial attack has been 
found to oxidize many pesticides; Parathion ral the presence of yeast is 
reduced to the non-toxic aminoparathion in ha 

Some of the organophosphorous pesticides contain sulfur, Since 
there is history of microbial action on organophosphorous compounds, the 
interaction of the sulfur containing members of the group and the micro~ 
organisms directly involved in the sulfur cycle should be of extreme 
significance 1) to the balance and equilibrum of the cycle itself, 2) to 


the problem of pesticide persistence in aquatic environments. 


" Parathion is the trade name for 0,o-diethyl o-p-nitrophenyl 
thiophosphate, empirical formula Cy oft, gNOsPS: a product of 
Shell Chemical Corporation. 


*Parenthetical references placed superior to the line of text 
refer to the bibliography. 


This paper describes laboratory experiments on the degradation 


of the organophosphate pesticide Ethion by bacteria in sediment samples 


b 
from the Indian River. 


The Indian River is a lagoon, separated from the Atlantic Ocean 


by a barrier beach. It is saline, with an influx of fresh water 
and exhibits estaurine characteristics. 


II, TECHNICAL ASPECTS 


A. Ethion and the Organophosphates 


1, Structure 


Ethion is 0,0,0',o'-tetraethyl-s,s‘'-methylene- bisphosphorodi- 


thioate having the chemical formula: 


CH— CH ue S P Pa o— CHy— CH, 
CHa —CHo— 0 O— CH,—CH, 


2. Properties 
Ethion belongs to the class of pesticides termed aliphatic 
organophosphates. All organophosphates undergo similar reactions due 
to structural similiarities, specific pesticidal action being through 
the inhibition of the enzyme cholinesterase, which breaks a metabolic 
chain and permits acetylcholine to accumulate. Potency depends not 
only on their intrinsic enzyme affinity, but also on anti-cholinesterase 
properties acquired through invivo metabolism. These compounds can be 
differentiated on the basis of whether they are largely effective per se 
or whether they undergo oxidative converstion in plants or wim 
Ethion is soluble in hydrocarbons and ketones; is slightly soluble 
in water and has been extracted from river water using twenty per cent 
benzene in bates 
3. Persistence 


3 
Ethion is slightly soluble in water. Ae? In soil, an increase in 


, : : (1) 
pH or moisture content increases degradation. ‘Probable degradation 


reactions of Ethion are: 


a. Oxidation. 


Cop—O\ S$ HH § 0—Colls 


Pa-SeaGauSas? 
wan 9 Yall t N 9 
CoH5-—~0 8) CoH, 
CoH. oO. § 2 S . ol, 
noe a Seis 
2°5 H 2°5 
b. Degradation of. 
es Hl 
CoH 0. 9 Q 79 Colts 
Lp PSG SP at 
Col, 0 —CoHls 


to produce acetaldehyde, mercaptans and acidic ramones 
Oxidation increases H50 solubility and anti-cholinesterase ee a 
The persistence of Ethion in river water after a three week period was 
studied in a laboratory experiment on water taken from the Little Miami 
River in Ohio. 2) After a three week period, fifty per cent of the 
original Ethion was still present in the sample. The organophosphorous 
compound did not undergo a change when kept in distilled water for this 


same period. 


“Ethion did not undergo changes as rapidly as the other thio- 
phosphate cempeunds. The relative stability of Ethion may 63 explained 
by steric hinderance due to the symmetry of this molecule," 2) 


4. Modes of Pesticidal Action 
The mode of attack of organophosphate insecticides depends upon 
their being hydrolyzed or isomerized. The mechanism of hydrolysis involves 


an attack on the phosphorous by an OI” group. This is a nucleophilic 


attack; a negatively charged group attacking a positively charged site. 


The more positive the site, the more effective the attack Rate of 
hydrolysis is dependent on the properties of the group attached to 
the phosphorous. Electrophylic groups make the phosphorous-oxygen bond more 
subject to attack. Since =O is more electrophilic than =S, the conversion 
of =S to =O enhances suspectibility to hydrolysis. This mechanism and 
the ability to form negative ions by hydrolyzing off a group are important 
to the stability of the organophosphates and provide a basis for an under- 
standing of their biochemistry. Much is written on the effects of 
organophosphates on cholinesterase. °? Organophosphates are effective 
insecticides because they inhibit cholinesteral activity via a reaction 
such as: c 

(RO),P(0)X + EOH ~ (RO)sP(O)OE + HY + xX 
involving a complex of enzyme and inhibitor; a phosphory!ation with 


covalent bond formation. 
B. Sulfur Cycle 


Sulfur metabolism in nature is the cooperative action of an oxidative 
and reductive process. The sulfur cycle involves an eight electron changes 
between sulfate and sulfide, with the formation of numerous intermediates. 
Inorganic sulfur generally enters into biosynthetic pathways at oxidative 
levels of (S04°) sulfate and (S~) sulfide. Other naturally occurring forms 
of sulfur such as thiosulfate, polythionates, polysulfides and elemental 
sulfur must either be oxidized to sulfate or reduced to sulfide before becomin 


available for biosynthetic reaction. This conversion, biologically isa 


c 
In the equation, EOH = enzyme. 


reversible process, The overall sulfur cycle may involve different 
organisms and different enzymatic pathways. 

In contrast to animals,plants and bacteria have the ability to 
reduce sulfate to the level of sulfide as has been indicated by their 
growth with sulfate as the sole source of sulfur. Animals depend on 
external sources of sulfur and sulfur containing metabolite as sources 
for nutrition. It is believed that 
in plants and bacteria both 0 and S are directly incorporated into 
biological materials. In other bacteria, enzymatic data suggest that 

‘ 5) 
sulfur in the form of sulfate may not be metabolized. 

"Sulfate reduction, physiologically characterized by the formation 
of only enough sulfide to meet nutritional requirements has been termed 
assimilatory sulfate reduction. This is the only type of sulfate reduction 
occurring in plants and the most commonly encountered type in bacteria. A 
small group of anaerobic bacteria, known as the sulfate reducing bacteria, 
produce massive amounts of sulfide during growth in the presence of sulfate 
and an electron donor. This process has been identified as dissimilatory 
or respiratory sulfate reduction in that sulfate serves as the terminal 


electron acceptor in gFPiration in much the same manner as oxygen in 
aerobic respiration." 


There are three primary types of physiological reactions in 
which sulfate can be invoived:. 
1, direct incorporation in organic materials 
2. reduction to sulfide for nutritional purposes (assimilatory 
sulfate reduction) 
3. reduction to sulfide during sulfate respiration (dissimila- 
tory sulfate reduction) 
In microorganisms reduced inorganic sulfur, such as sulfide, 
sulfur, and thiosulfate can serve as electron donors for aerobic or 
anaerobic respiration and photosynthesis with the formation of sulfate 


and largely acidic conditions. 


THE “ICROBIAL SULFUR CYCLE 


SULFUR 


Beggiatoa Beggiatoa 
Thiobacillus spp. Thiobacillus spp. 
Chromatium Chromatium 


Chlorobium etc Chlorobium etc. 


Achromobacter | Cystinovorum 


Desulfovibrio 


Thiobacillus 


SULFIDES SULFATES 
‘Desulfovibrio 


Escherichia 
Aerobacter etc. 


Escherichia 
erobacter 


Aspergillus spp. 
soil fungi 


Neurospora 
Escherichia Aspergillus 


Proteus 
SULFUR ~CONTAINING 
AMINO-ACIDS 


SULFUR -CONTAINING 
PROTEIN 


An ective sulfate reducing mechanism by Desulfovibrio desul- 


(9) 
furicans has been described by Peck (8) and Ishimoto. Peck has investi-~ 


gated Desulfovibrio in detail and has shown that only sulfite is formed 
if the reduction is carried out at pil 7.75. At pH 6.0, HoS is the 


product. The overall system for sulfate reduction to sulfite in Desul- 


(10) 
fovibrio may be summarized as: 


Hy + cyt. ~ 3 (2 ces cyt. - ¢3 caret?) + ot 
arp~4 + S04 +Ht — aps? + pp? 
aps” + cyt. - G4 (2FE") — AMP™? + = + cyt. ~¢3(2Fet3) 


2 ~3 + 


H, + ATP~4 + SO,” +H 


Z -2 
; ‘ —> ANP™? + 90. + PP 


Sulfite formation from sulfate and hydrogen requires ATP wg? 
and cytochrome - Ca. The stoichiometry of the reduction reaction shows 
that for each mole of hydrogen taken up, one mole of ATP is split to ANP 
and pyrophosphate and one mole of sulfite is formed. 

Reduction of sulfate to sulfite is thermodynamically an unfavor- 
able reaction. The as 7° + H, > $0,7° + H,O has a standard free 
energy of +14 keal. As an analogy with carboxyl group reduction in 
enzymatic systems, it is of significance that sulfate reduction also 
requires an activation prior to the reduction step. Chemically, esters 
and anhydrides are more readily reduced than the corresponding anions. 

Sulfate reduction by Desulfovibrio has been studied with whole 
cell suspensions as well as with extracts. oe shown that 
cytochrome 3 is important in sulfite reduction. From free energy data, 


(11) 


Postgate showed that sulfite reduction by reduced cytochrome-c,, is 


energy yielding. 
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A number of organisms use thiosulfate as a sul ur source; many 


systems have been found which reduce $50. to equimolar quantities of D5” 
vw 


and HS. This system has been found both in Proteus vulgaris and Escheri- 
chia coli. 


C. The Interaction of lesticides and Microorganisms 
and Enrichment a 


It has been estimated that even though some pesticides do not 
sustain microbial growth, they can be degraded by microbial action. 

Other pesticides have chemical composition and structures similar to comp- 
ounds readily used in the metabolic processes of organisms. 

Therefore, there are two mechanisms by which an otherwise 
recalcitrant molecule can be attacked. lovvath has studied co-metabolism 
of organic compounds which fail to support bacterial growth but are 
broken down into other organic molecules. Therefore, co-metabolism 
although it does not result in complete mineralization to the elements, 
could be an important mechanism for the breakdown of pesticides in the 
environment by natural microbial populations. He indicates that micro- 
organisms capable of co-metabolism can be enriched for by repeated appli- 
cations of the substance or by application of enrichment techniques. 

Enrichment techniques can also be used to study biodegradability. 
Enrichment utilizes natural selection. The mixed microbial population in 
sediments can be considered to be of many different species and competing 
netabolic types. The method of enrichment culture provides those selective 
features which lead to the predominance of a particular species. Therefore, 
this mechanism can be used to study biodegradability of pesticides in the 


environment. One type of biodecradability is represented by complete 


=— 2 Ae sie Bae 
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degradation «f the organic molecule to its basic element:. A second 
type of biodegradability which might be just as significant is the 


conversion of the organic pesticide to other decomposition products. 
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III, STATENENT OF THE DROOLEM 


The literature indicates that the amount of wor on the 
toxicity of pesticides on the macroscopic level far exceeds the work 
on the effects of these chemicals on microbial populations. Several 
recent papers by Horvath and Eichelberger et. fico hage studied 
microbial degradation of organic compounds in nature. It was pro- 
posed to extend this work to a specific pesticide. 

In Brevard County, Florida, Ethion is widely used as a pesti- 
cide in the orange groves® and the Indian River receives run off from 
these groves. Therefore, the interaction of Ethion and the microbial 
communi ty of the Indian River is pertinent to the ecology of the area. 

Sediment samples from the Indian River were used as the source 
of microorganisms for the experiments. | 

Ethion is a sulfur containing compound and conditions in the 
Indian River indicate the presence of sulfur bacteria. Therefore, the 
interaction of these two factors, namely the possible biological action 
of a general group of microorganisms on ithion, was the overall intent 
of the study. 

There was a twofold approach in the experimental program. 

1) a bacteriological approach, utilizing enrichment culture 


2) a chemical approach monitoring the sulfate/sulfide retio 
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IV. DATA DISCUSSION AND INTERPRETATION 


Fourteen sediment samples were taken from the Indian River, 
ranging from Cape Kennedy to Vero Beach. Selection area of samples was 
not significant but type was important. Sediments were chosen which had 
a high probability of containing important members of bacteria involved 
in the sulfur cycle. Samples were taken from the upper regions of the 
sediment layer and were refrigerated until enrichment cultures were 
initiated. 

Types of sediments varied, being from large grained sands to 
black peat-like material (see Table I). 

For the initial chemical analyses, sanples were centrifuged 
for twenty minutes at 5000 rpm, and weighed. 2 mls of 6M sodium hydro- 
xide (NaOH) were added to avoid hydrogen sulfide (HS) loss. Samples 

were dried for 24 hours at 110°C and reweighed (Appendix C). Water 
contents were calculated after weights were corrected for the sodium 
hydroxide additions. 

Table I summarizes the types of sediments and the per cent of water. 

Three samples which were black and peat-like, (Nos. 3, 9, & 14) had water 
contents in excess of sixty per cent. The remaining samples had water 
contents from twenty-three to thirty per cent. 

Samples were also analyzed for sulfate by barium sulfate pre- 
cipitation and sulfide by distillation from an acidic mixture (Appendix C). 
S04 /S” ratios were calculated on a dry basis. The sulfide contents of the 
fourteen samples ranged from 0.45 to 64.7 mg per 100 grams of dry sample. 


(see Table II) 
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TABLE! I 


Sample Description 


Sample Number Type of Sediment Water Content (per cent) 


l tan sand, gravel 23.4 

2 black medium grain 24.7 

3 dark, peat-like 66,7 

4 tan sand 25,1 

5 sand, light brown 23.8 

6 sand, light brown 24.9 

sand, light brown 25.1 

8 dark € vegetation 27.4 

9 black, peat-like 66,9 

10 sand, gravel 23.1 
11 sand 28.2 
12 grey silty sand 26.5 
13 black silt from 30.8 

impounded 


14 black silt waters 80.8 


TABLE II 


Initial Chemical Analyses 


11,0 


a 


Content 


5 


mg/ 100g 


04 
g/ 100g 


0,35 
0.49 
0.83 
0.25 
0.22 
0.26 
0.31 


0. 41 


0.03 


0.36 
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$04, /S° 


Vieight Ratio 


0,14 
0,29 
0.13 
0.23 
0.14 
0.20 
9.35 
0.37 
0. 45 
0.16 
0,30 
0, 20 
0.02 


0.14 
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Samples were not fixed with sodium hydroxide di ectly at the 


point of coliection and, therefore, cannot be taken as indicative of 


absolute S concentration in the River, due to possible losses of HS 
before samples were made alkaline. Sulfate was also determined (see 
Table II). It can be noted that samples No. 3 and No. 9 were high in 
both sulfate and sulfide, but the sulfate to sulfide ratios were not 


excessive. All samples had 0, :S ratio from 0.02 to 0.45 indicating 
a definite Ds" equilibrium in the sediments. 

Sulfate analyses are representative of the actual situation in 
the river sediments. Refriceration should not result in sample 
oxidation. Sulfate concentrations in the sediments ranged from 0.03 to 
2.19 grams per 100 grams of dried sediment, 

At the time when samples were taken for chemical analyses, 
enrichment cultures were begun. Each sample was incubated anaerobically 
and aerobically; one ml of Ethion was added to each portion of the 
sample. Controls, i.e., samples without Ethion were also incubated both 
ways (see Appendix C). Samples were stored at room temperature in a 
dark area for twenty days. .\erobic samples were kept moist by 
the addition of sterile distilled water. 

At the conclusion of the twenty day period. all samples were 
inoculated into thioglycollate medium (see Appendix C). Four distinct 


sets of experimental parameters were used: 
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1) anaerobic sediment enrichment culture, Ethion added 
2) anaerobic sediment enrichment culture, No Ethion added 
3) aerobic sediment enrichnent culture, Ethion added 


4) aerobic sediment enrichment culture, No Ethion added 


The thioglycollate cultures were incubatea at 37°C for 48 
hours. All tubes showed evidence of bacterial growth. The same 
experimental parameters were kept as with the enrichment cultures, i.e., 
those samples which were in the sediments with Ethion, also were inocu- 
‘lated into thioglycollate tubes with Ethion. 

All samples were then inoculated into nutrient agar tubes to 
which an iron wire had been added. If bacterial degradation of the Ethion 
occurred, the wire would serve as a source of iron for the production of 
iron sulfide. The Ethion/no Ethion identity was maintained throughout the 
experiment. Samples were incubated at 37°C and examined periodically. 
After twelve hours, production of iron sulfide in five different samples 
(see Table III) was observed. 

Examinations of the culture tubes indicated four different 
conditions. (See photograph No. 2, page 27.) 

1) Inoculated media which had an iron wire and Ethion gave 
evidence of darkening of the wire but also, and most significant, gave 
euadeneor FeS production at the point of inoculation. After twelve 


hours of incubation, FeS production at the point of inoculation was 
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visible. Upon further incubation of the culture, FeS liscoloration 
spread from the inoculation point throughout the culture There was no 
FeS production along the surface of the slant, nor did the spread of the 
FeS proceed toward the surface, indicating the reaction was taking place 
anaerobically. The source of the discoloration of the agar was at the 
point at which the stab was inserted into the agar. suggesting that it 
was due to the presence of the microorganism (see Table III). 

2) Uninoculated media which had an iron wire and Ethion gave 
evidence of FeS production by a darkening of the wire. This indicated 
that there was a chemical reaction of the Ethion with tne wire. However, 
there was no dissipation of the FeS throughout the medium and the reaction 
remained adjacent to the wire. 

3) Inoculated media which had an iron wire but no Ethion gave 
evidence of growth but not of FeS production. This provides positive 
evidence that the organism could not produce FeS without the Ethion as a 
saurce of sulfur. 

4) Uninoculated media which had an iron wire but no Ethion served 
as the experimental control. There was no growth, indicating no contamina- 
tion of the experiment and no outside uncontrolled source of sulfur other 
than Ethion. 

Nine samples produced no FeS in either experimental or control 
tubes, Gram stains of a smear of the culture, when observed under oil 
immersion <t 980 X indicated the presence of a gram positive spore forming 


rod. 


ithion is a reducing agent. In the presence of a reducing agent, 
anaerobic bacteria readily grow, utilizing the reducing agent as a source 


of energy. 
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TABLE ITT 


Bacteriological Data ~ FeS Production 


1) Colonies which exhibited FeS production when incubated with 


Ethion but no FeS without Ethion. 


Sample Number FeS with Sulfate FeS with Ethion 
2 anaerobic me + 
9 anaerobic + + 
13 aerobic + + 
14 aerobic + + 
2) Excess of FeS production produced by colonies to 


which Ethion was added: 


Sample Number FeS with Sulfate FeS with Ethion 
8 anaerobic + + 


This data taken from agar slants to which sulfate and iron 
wire had been added. Colonies were then inoculated on slants with 
Ethion and iron wire. 

3) Gram stain data indicated a gram positive spore forming 


organism. 
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Of the five sediment samples which suggested microorganisms reacted 
with Ethion and iron to produce FeS, four were stored aerobically with Ethion 
in the sediment samples; one (sample 8) was stored anaerobically. The 
presence of spores would indicate a method by which this group of micro- 
organisms could exist aerobically but would produce FeS anaerobically from 
the iron and the Ethion. 

A parallel experiment was performed. Sediment samples were 
stored with Ethion; thioglycollate tubes with no Ethion were inoculated 
from the sediments; and agar stabs with Na,50 , and Fe wire were inoculated 
from the thieglycollate. The five samples which degraded the Ethion also 
produced FeS from the NaoS0 A and iron wire. 

Nutrient agar plates were streaked and incubated anaerobically 
for 48 hours. Colonies from the streaks were inoculated into nutrient 
agar tubes with iron wire and Ethion. FeS was produced. Gram stains again 
indicated a spore forming gram positive rod, 

No effort was made during this study to pursue further the chemical 
mechanism of the reaction or to evaluate the breakilown products of Ethion. 
Changes in 04 and S” composition were utilized as suggestions of Ethion 
degradation. 

After the twenty day enrichment culture period, samples were taken 
for chemical analyses. Initial methods of sample preparations were repeated 
and samples were analyzed for sulfate and sulfide composition. The sulfate 
to sulfide ratio is given in Table IV. 

Table V and VI summarize the specific sulfate and sulfide compo- 


sitions for the five samples which biologically degraded Ethion. 


S047:S expressed as grams SO 


Sample Initial 


1 


2 


3 


4 


TABLE: IV 


The Sulfate to Sulfide Relationship 


oS 
nw 
o 


o oO 
t 
o 


2 2 °e 
Pay 
an 


| 


Aerobic 
No Ethion Ethion 
0.52 0.07 
0.33 0.06 
0.05 | 0.10 
Oude 0.33 
0.12 (high) 
0.34 0.21 
0.31 0,11 
0.39 (broken ) 
0.29 0,28 
1,80 0.01 
0.23 0.06 
0.08 0. 08 
0.10 1,33 
0. 08 0,24 
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per ng _ 
Anaerobic 

No Ethion  Ethion 
0.13 0,23 
0.15 0.01 
1,00 0.52 
0.21 0.14 
0.08 0.09 
0,20 (broken ) 
0,50 0.15 © 
0.13 0.39 
0.27 0.30 
1,.°0 0.17 
0.04 0,25 
0.17 0.14 
0.05 0.12 
0.11 0.15 
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TABLE V 
Sulfide Content of Positive Samples 


mg S per 100 q sample 


Aerobic Anaerobic 
Sample Initial No Ethion Ethion No Ethion Ethion 
2 1.71 1.86 8.00 1, 47 9,58 
8 1,15 1.45 1.90 1,60 0.95 
9 — 4,82 6,52 8. 43 4,66 7,02 
13 1.40 2,98 2.93 3,48 3.67 


14 2.50 13.7 16.16 11.4 24.6 


TABLE VI 


Sulfate Content of Positive Samples 


g 04° per 100 g saniples 


Sample Initial 


2 0. 49 
8 0. 41 
9 ee he 
13 0.03 
14 0.36 


Aerobic 


0.61 
0, 42 
1,87 


0,35 


No Ethion Ethion 


0.48 
(Lost) 
2.37 
(Lest ) 


3.87 
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Anaerobic 

No Sthion Ethion 
0,22 0.05 
0,22 0.37 
1,22 2.10 
0.33 0.46 
1,25 3.17 
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Pricr to chemical analysis the remaining Ethion was extracted 
out of the enrichment culture with hexane. 

In all cases except one (sample 2), the sulfate concentration 
increased after exposure of the sediments to the Ethion. This change 
was not accompanied by a corresponding decrease in sulfide concentrations 
indicating some other source of sulfide, i.e., thion. 

Final sulfide concentrations increased (compared to initial 
analyses), again suggesting an addition of sulfur to the cycle. No 
analytical correlation can be made with the increase in sulfide after 
Ethion addition, indicating no quantitative measure of biological reactions. 

A reagent blank was run each day when sulfide determinations were 
made. Ethion was added to sterile distilled water in the same concentra~ 
tions as added to the enrichment cultures. This amount increased the 
reagent blank by 0.032 milligrams per analysis (1 ml Ethion added per 
analysis), not significant enough to explain inerenses in S~ content, 

The theoretical calculated yield of sulfur per ml of Ethion is 
0.406 g of Ss" per ml which is equivalent to 406 mg ofS. The increased 
S concentrations in the samples after Ethion did not sioeed 10 mg of Ss. 
The blank increase did not exceed 0.1 mg; therefore, suggesting other 
mechanisms affecting chemical compositions in the sediment samples. 

Based on sample amount used in each enrichment culture of sediment, 
there was no correlation between theoretical and actual S~ concentrations, 


as stoichiometry of the biological reactions were not measured. 


The analytical chemistry of the project established that there 
was degradation of the Ethion. The data shows that the samples with no 
Ethion were generally lower or equal to the initial composition in 04°. 
but increased considerably after Ethion addition, suggesting replenishment 
from the organic sulfur source. The increase in S concentration after 
Ethion addition showed degradation of the molecule. Evidently the effects 


of biological and chemical degradation, are additive resulting in no direct 


correlation in the unexplained observations, only unusually high S~ concen- 
trations. 

The bacteriological experiments in the project suggested that more 
‘then just a okemical mechanism was involved. 

Biological degradation would be sicnificant to the ecology of 
the area because: 

ly) microbial degradation of Ethion which had entered into the 
river as run off, would decrease the persistence of the pesticide, decreasing © 
exposure time to fish and other animal life. | 

2) biological degradation products would possess different 
toxicity levels, changing entirely the effects on life in the river. 

3) presence of excessive quantities of Ethion and Ethion degrada- 
tion products could produce emission of high HS coneeienabions aue to 
excessive activity of sulfur cycle bacteria (see chart - The Microbial 


Sulfur Cycle). 


e F ite : : ips 
Excessive quantities of [],S emitted from the river at specific 
periods in the year could” be partly tracable to pesticide run off. 


Pages 26 through 29 omitted. 


Colored Photographs of Bacterial Growths. 
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B. Raw Data 


1) Water Content 


Water Content of Sediment Samples 


Sample Number Per cent Water / 
1 23.4 
2 24,0; 25,.: 
3 66.7 
4 25.1 
5 23.8 
6 24.9 
7 25.1 
8 27.4 
9 66.9 
10 23.1 
ll 28.2 
12 27,0; 26.0 
13 30,8 
14 80.8 


7 Per cent by weight of H,O driven off by drying for 24 hrs at 110°c 


2) Sulfide Content 


A Comparison of Sulfide Content of All Samples 
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Sulfides expressed as milligrams S~ per 100 gram sample 


Sample 
] 


pa 


un 


Initial 


2.50 
1.71 
64.7 


1.09 
1,10 


1,54 
1,37 
1,27 
0,88 


1,11 
1,19 


4,82 
1,07 
0.45 
1.20 


1.40 


2.50 


Aerobic Anaerobic 
No Ethion Ethion No Ethion Ethion 
0.70 4,18 1.92 3.40 
1,86 8.00 1, 47 —69,58 
1,84 3.70 0,26 5.2] 
0.77 6.45 0.75 > 1.97 
0.65 high 1.47 3.20 
not measurable €: 
0.94 0,58 1,61 2.11 
0.67 1,43 0.41 1.25 
1.45 1.90 1,60 0.95 
6,52 8,43 4,66 7.02 
0.18 14.5 0, 82 10.70 
7.24 13.6 2,83 2.47 
2.42 1,42 2.86 2.34 
1,65 
3.52 2.93 3.48 3.67 
3.19 
13.7 16.16 11,4 24.6 


Initial Sulfide Determinations 


gm _ Sample 


29.40 
8, 443 
5,018 


7.105 
10. 987 


8.3028 


10, 500 
9.463 


10,928 
10.123 


8, 427 
4,307 
13,509 
8.942 
10.607 
8.870 
1,598 


mgs 
0.730 
0,144 
3,240 


0, 080 
0,120 


0.128 


0,144 
0,120 


0,096 
0.112 


0,100 
0. 208 
0,144 
0. 041 
0,128 
0.124 
0,040 


mgS /100 q Sample 
2.50 
1.71 
64.7 


1,10 
1,09 


1,54 


1.37 
1,27 


0, 88 
1.11 


1,19 
4,82 
1,07 
0.45 
1.20 
1,40 


2,50 


Final Sulfide Determination - 


Sample 
l 


& WO nm 


13 


14 


gm_Sample 


ll. 
0 
8. 

10. 
7. 
8. 
, 


cn 


G3 ou ou 


464 
ATA 
738 
430 
399 


727 
. 988 


. 330 
.124 


. 350 
-271 


. 369 


erobic, no Ethrion 


= 


00.80 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 


o 99 99 8S © 


176 
160 
080 
048 
080 
064 
080 
170 
100 


144 


-101 
.150 


e1Oe 
. 104 


- 464 


mgS_/1.0 g Sample 


0,70 
1,86 
1.84 
0.77 
0.65 
0.94 
0. 67 
1,45 
6.52 
0.18 
7.24 


2.42 
1.65 


3.52 
3.19 


13.7 
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Final Sulfide Determination - Aerobic, Ethi.on 


Sample gm Sample mgs~ mgS"/100_q Sample 
1 2.8711 0.120 4.18 
2 3.572 0.273 8.00 
3 7.329 0.271 3.70 
4 7.456 0. 481 6.45 
5 7.120 too high to measure 
6 8. 287 0,048 58 
7 8. 4069 0.122 1.43 
8 6.845 0.131 1.90 
9 2.965 0.250 8.43 
10 4.745 0.692 14.5 
ll 8.892 1.21 13.6 
12 8.4410 0.121 1,42 
13 3.762 0.111 2.93 


14 3.723 0.921 16.16 


Fiaal Sulfide Determination - Anaerobic, no Et tion 


Sample 


1 


2 
3 
4 
5 
6 


gm Sample 
10, 421 
3.259 
2.1093 
8.550 
10, 327 
10, 488 


7.834 


ngs 
200 


0. 
0. 
0. 
QO. 
0,152 
0. 
0. 
0. 
0. 
0. 


-mgS*=/1)0 gq Sample 


1.92 
1.47 
0. 26 
0.75 
1,47 
1.61 
0. 41 
1.60 
4.66 
0.82 
2.83 
2.86 
3. 48 


11.4 
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}‘inal Sulfide Determination - Anaerobic, Eth:on 


Sample  mg_Sample mgS~ mgS”/190 gq Sample 
1 175) 0. 264 3.40 
2 3. 868 0. 368 9,58 
3 5,201 0.271 5.21 
4 10.625 0.212 1.97 
5 10. 005 0. 320 3.20 
6 6,817 0.141 2.11 
7 6. 406 0.082 1.25 
8 7.392 0.073 0.95 
9 3.185 0.221 7,02 
10 7.474 0. 800 10.70 
ll 6.470 0.164 2.47 
12 8.815 2.08 23.4 
13 5,238 0.189 3.67 


14 8,329 2,060 24.6 


3) Sulfate Content 
Sulfate Determination Comparison 


Sulfate concentration expressed as g.50, = per 100 g. sample 


Aerobic Anaerobic 
Sample Initial No Ethion Ethion No Ethion Ethion 


1 0. 35 0.36 0.30 0.24 0.78 
2 0. 49 0.61 0,48 0.22 0.05 
3 0.83 0.01 0.38 2.72 2.78 
4 0.25 0.09 0.21 0.16 0.28 
5 0.22 0.08 0.27 0.12 0. 28 
6 0.26 0.32 0.12 0.33 ¥ 

7 0.31 0.21 0.15 0.22 0.19 
8 0.41 0. 42 0.22 0.37 
9 2.19 1.87 2.37 1.22 2.10 
10 0.17 0.33 0.15 1,52 0.19 
11 0.74 1.82 0.85 0.13 0.63 
12 0.24 0.18 0.11 0.5 0.33 

0.25 0.25 0.12 0.21 

13 0.03 0.35 0.33 0. 46 
14 0. 36 1.17 3.87 1.25 3.77 


Sample lost, crucible broke in transport 


Co om 
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Initial Sulfate Determinations 


gm 04° h 
_ 100 gm Sample (dry) 

qm Sample gm BaSO, gm S04” (per cent) 
20.000. 0.1652 0.0702 0.350 

9.8599 0.1140 0.0481 0. 488 

9.4700 0.0740 0,0312 0.329 

2. 4501 0.2239 0.0940 3.83 

11.5693 0, 0686 0.0290 0.250 

11.9371 0.0634 0.0267 0, 223 

9.0456 0.0624 0.0263 0.263 
10.5348 0.0782 0.0320 0.312 

10.3437 0.1019 0, 0428 0. 412 

3.8435 0. 2007 0. 0841 2.19 

7.60864 0.0311 0.0131 0.172 

7.4088 0.1339 0.0565 0.742 

9, 3843 0.0528 0.0222 0.237 

7.5609 0.0452 0.190 0.251 

5.8946 0.0035 0.0015 0,027 

1.1550 0, 0097 0. 0041 0.355 

h 


S04" 98.06 
BaSo, = * Sample 233.40 } = .421 


(gm) 
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Final Sulfate Determinations (Anaerobic, Eth.on) 


Sample 
1 


2 
3 


oO oO 


a 


13 


14 


gn Sample 
17. 4305 
16.1900 
1.8122 
14, 6486 
10, 6854 


21.1016 
11.1385 
1.1611 
5.9786 


0.6781 
5. 4030 


4.5900 
10.5729 
0.7643 


tS 


i 
crucible broken. 


0.3230 
0.0212 
0.1217 
0, 0956 


0.0407 


0. 0947 
0.0969 
0.0529 
0.0275 


0.0347 
0.0813 


0.0359 
0.1153 
0.0679 


gr BaS0, gm 30, 


0.1362 
0. 0087 
0.0502 
0.0403 


0.0172 


0.0398 
0. 0408 
0.0223 
0.0116 


0. 0147 
0.0343 


0.0152 
0.0486 
0.0287 


a = 
g 0, 


783 
054 
2.78 
. 276 
. 162 


3.77 


190 gm Sample (dry) 
(per cent) 
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F .nal Sulfate Determination (Anaerobic, No E :hion) 


g.1 0, 
gm BaSO, gm SO, 100 gm Sample (dry) 

Sample gm Sample (per cent) 

1 10,5564 0.0609 0.0256 0. 243 

2 3.3251 0.0176 0.0074 0, 222 

3 3.2573 0.2100 0. 0886 2.72 

4 16. 1089 0.0605 0.0254 0.158 

5 13, 0475 0. 0359 0.0151 0.116 

6 10.7413 0.0845 0.0356 0. 332 

7 9.5301 0.0501 0.0213 0,223 

8 11.1170 0,0580 0.0244 0.219 

9 3, 2618 0.1180 0.0497 1.52 

10 6. 2708 0.0185 0.0078 0.125 
ll 6.7946 0, 0811 0.0341 0.502 

12 5.9266 0.0289 0.0122 0. 206 
13 4.1041 0.0321 0.0135 0,329 

14 0.5700 0.1690 0.0713 1.25 


Al 


Fnal Sulfate Determinations (Aerobic, Ethior:) 


gt SO, 
. 100 gm Sample (dry) 


B. 
sample gm _ Sample om amr gm SO, (per cent) 


1 15.760 0.1155 0.0470 0. 298 
2 12.970 0.0700 0.0616 0.476 
3 2.102 0.0145 0.0061 0. 389 
10.871 0.0374 0,0157 0.145 
4 11.969 0.0571 0, 0250 0.214 
3 5.596 0, 0367 0, 0154 0.276 
6 5.880 0.0162 0.0068 0.116 
7 7.679 j 0.0280 0.0118 0.154 
8 9,884 
9 1.356 0,0761 0,0322 2.37 
10 7.379 0.0252 0.0107 0.146 
ll 2.410 0. 0487 0.0205 0.853 
12 7.028 0.0173 0. 0073 0.104 
7.945 0.0235 0.0098 0.124 
13 2.251 
14 0. 476 0.0438 0.0185 3.87 


Jerucible broken. 
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F nal Sulfate Determinations (Aerobic, No Et! ion) 
gi. S04” 
= 100 gm Sample (dry) 


Sample gm Sample 9" Py Mm Oy = Ger cont) 
1 12.7059 0.1076 0.0454 0.357 
2 10.7109 0.0148 0.0063 0. 0588 
3 8. 1658 0.0221  0,0093 0.0114 
4 10. 6254 0.0223 0,0094 0. 089 
5 6.0493 0.0121 0.0051 0.0643 
6 9, 3601 0.0717 0.0303 0.324 
7 9, 4254 0.0170 0.0197 0. 208 
8 4.2722 0.0421 0.0178 0,417 
9 1.6784 0.0744 ~—-0,0814 1.87 

10 5.6059 0.0334 0.0183 0. 326 
11 1.7329 0.0747 0.0315 1.82 
12 9.8000 0.0125  0,0179 0.183 
9, 4271 0.0548 0,023) 0.245 
13 6.1625 0.0487 0, 0215 0.350 
4.6916 0.0186 0.0078 0.167 
14 0. 3875 0.0685 0.0289 7.47 
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Comparison of ieS Production ~ Samples 1- 14 


res Produced 


Aerobic k Anaerobic k 
Sample No. Ethion No Ethion Ethion No Ethion 
2 b 
8 
9 
13 ++ 
14 + 


All other samples were negative. The culture was nutrient agar 
with iron wire. [Ethion was added to the test tubes: no Ethion was added 


to the control tubes. 


In sediments 


Aerobic Ethion Added to Sediment 
Agar Stab Agar Plates 
canteen eemeeamanemnienmeme | ee ean eee | 

rr) 

wey 

ss 

rel 

-~ 

eo co] 

) © 

a) $ 8 = ah 
= o oof oo] a Microscopic Microscopic 

° 3 Get $0 | 3 
= ord ° Y fet ord fo 
ao -—| of st sal ca : . 
nl ol mf ABEL Axl a discrete filmy gm pos. gm neq. 

sparce 

2 oe + - - - ca rods 
3 + of rods 
4 + - - 
5 + = - ~ - - - 
6 + + rods 
7 + = - - - + + 
8 + - - - - = ellipse 
9 + rods 
10 a a S 2 & 
11 + + ~ - - + + rods rods 
12 + + rods 
13 re + rods 
14 + + rods rods 
15 - ~ - - - + rods rods 
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Aerobic No Ethion Added to Sedime: t 


Agar Stab Agar Plates 


® 
+) 
b.} 
oa 
9 3 
@ Sel ‘ ; ‘ 
oy a 2 Sol esl oo Microscopic Microscopic 
: P= = Gt + Set et J 
5 om ° ww" uM a a ee = . ° 
a al 2] As AS 3 discrete filmy gm pos. gm neg. 
1 + = 2 
2 + + + rods 
3 + 7 i 
4 + 2 = 
5 ete + + cocci 
6 discolored - = 
7 discolored cocci 
8 + + “+ rods 
2 + ne . 
10 + oa rods 
11 4 ellipse 
12 ti ote - = 
13 + - = 
globular 
14 + rods 
15 = 
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Anaerobic Ethion Added to Sediment 
Agar Stab Agar Plates 
nn ny 

o 

pac 

is] 

Lame} 

mo 

° n>) 

eo @o 
ao 3 g Sal a Microscopic Microscopic 
ot S co wD ce oO ord 

fo} = Get oe lua! = 
& ‘s a of. Sat oat 3c Discrete filmy gm pos. gm neq 

eH oO al AZ Ax O —_—— = : 
1 + rods 
2 + sf at + rods rods 
3 a - ellipse rods 
4 + = - = =e 

+ rods 

5 + + ellipse 
6 + ae + + : rods rods 
7 + + - - - - 
8 iia < + ellipse rods 
9 + + + ellipse rods 
10 + + + rods 
11 + + + rods rods 
12 + + + + rods few rods 
13 + + yel. globules rods 


q 


Anaerobic No_Ethion Added to Sedimei t 
Agar Stab Agar Plates 
pws : ; 
o 
rot 
Ee 
t=] ue) 
{>} o 
oud ort 
sa s a Microscopic Microscopic 
fa) s wt Oo = ee ee HACEOSCOpic 
A os st oO BS on - . 
AL eB! of al ASG! a Discrete Filmy gm pos. gm neg. 
1 = os « & = 5 
2 eo “ « S . 
3 + + + rods 
4 + + - rods 
5 + + + 
6 + + pe Splotchy ellipse 
+ + + rods 
8 + + + + + rods rods 
spores 
9 + + rods 
10 + + rods 
ole + yel. raised+ + ellipse rods 
12 + raised+ + rods rods 
13 + i + rods _ 
14 + + rods 


Bacteriological Data - Alternate Procedu:-e 


FeS Production at 37° for 24 Hours 


l 1 
Aerobic Anaerobic 


Sample Ethion No Ethion Ethion No Ethion 


1 


neem 


Refers to status of the enrichment culture. 
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C. Procedures 


1. Outline of Processes 


a. Sample Preparation. 


All sediment samples were prepared for chemical analytical deter- 
minations according to the following procedure: 
1) Samples were centrifuged at 5000 rpm for 20 minutes. 
-2) Weighed centrifuged samples to which 2.0 ml of 6N NaOH was 
added, were dried at 110°C for 24 hours. 
3) Cooled dried samples were ground with a mortar and pestle. 
4) Approximately 10 gram samples were then accurately weighed 


and used for sulfate and sulfide determination. 


b. Water Determination. 


All samples were analyzed for water content in order to provide 
a base line for calculations: 
1) Samples were centrifuged for 20 minutes at 5000 rpm. 
2) Weighed amounts were transferred to weighed evaporating dishes; 
Dishes plus samples were weighed. 
3) Samples were dried 24 hours in an air oven at 110°C. 
4) Samples plus dishes were reweighed. 


5) Per cent H50 was calculated: Per cent HO = 100 (8 ) 
A 
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c, Ethion Extraction. 


Prior to analysis, samples to which pesticide had been added were 


extracted to eliminate Ethion 


1) 


2) 


3) 


4) 


3) 


Sediment samples were transferred to 100 ml. graduated 
cylinders 

Twenty mls of pesticide grade hexane were added to the 
cylinder. 

The samples were shaken with the hexane for one minute and 
then allowed to settle. 

The hexane soluble Ethion was then drawn off the top with 

a pipet. 

The extraction was then repeated and the hexane-Ethion mixture 


discarded. 


d. Sulfide Determination. 


The method used to determine sulfide in the sediment samples was 


essentially that described in Standard Methods for the Examination of 


Water and Waste Water; 12th Edition; 1965, Page 426. The procedure was 


modified to allow a more accurate determination of low sulfide concentra- 


tions (solution concentrations were decreased). 


1) 


Reagents 


a) Ny generator 
b) Zinc acetate solution 2N. Dissolved 220 g Zn (CoH_05)5 . 2H.,0 


in 870 ml of water. 


2) 


qh 
— 


c Concentrated hydrochloric acid 

d: TJodine solution, 0.01 N-dissolved 12-15 grams of 
potassium iodide, KI,in a little distilled water and 
added 1.270 g. iodine. After the iodine had dissolved 
diluted it to 1 liter and standardized against 0.01 N 
sodium thiosulfate, using a starch indicator. 

e) Sodium thiosulfate, 0.01 N - Dissolved 2.48 grams NagS903 é 
SH50 in boiled and cooled distilled water and diluted to 
one liter. Prepared 0.01 N $04 , could also have been used. 

f) Starch Solution - Prepared an emulsion of 5 grams of soluble 
starch in distilled water. Poured this emulsion into 1 
liter of boiling water. Cooled. 

Equipment 

a) Connected 3 - 250 ml flasks in series as per the following 
drawing. 

b) Set up the first flask with a fritted gas dispersion tube. 

c) 


Connected the three flasks so No could be bubbled into the 


first cylinder and would carry vapor over into each sub- 


sequent cylinder at a point below the liquid level. 
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3) P.ocedure 


a) To the first flask, added a weighed prepared sediment 
sample plus 100 ml of distilled water. 

b) Added 5 ml of zinc acetate solution and 100 ml distilled 
water to each of the other two flasks. 

c) Connected the three flasks and purge with nitrogen. 

d) Without disturbing the closed system, added 10 ml concentra- 
ted HCl to the first flask. 

e) Bubbled No through the system for one hour. 

f£) Combined both flasks and added iodine solution in excess 
of the amount necessary to react with the collected sulfide. 

g) Added 10 ml concentrated IIC1, stoppered and mixed well. 

h) Back titrated the excess iodine with the 0.01N Na9So03, 
using a starch indicator. 


i) Ran a blank on the reagents. 


4) Calculation 
One ml of I, solution = 0.16 mg S. The differences in the 
mls of I, and 330, used in the titration were the mls used by 
the sample. Therefore, the mg S per sample was equal to 


0.16 mg Sm @ se acy a ) 
m 


‘Flask number 2 and 3. 
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e. Sulfate | etermination. 


Sulfate was determined gravimetrically by precipitating the 


sulfate as barium sulfate filtering out the precipitate and weighing it. 


(14) 


The method is described in Soil Mechanics for Road Engineers: 


1) Reagents 


a) 


b) 


Concentrated hydrochloric acid 


3 per cent by weight solution of barium chlorine (BaCl5) 


2) Equipment 


a) 
b) 
Cc) 
a) 
e) 


f) 


Electric muffle furnace 
Analytical balance 
Bunsen burner 

Porcelain crucibles 
Miscellaneous glassware 


Whatman No. 44 filter paper 


3) Procedure 


a) 


b) 


c) 


n 
Neighed amounts of prepared sediment samples were trans- 


ferred to Erlenmeyer flasks. 
Approximately 150 ml of H50.was added and then samples 
were shaken for one-hour. 


Samples were allowed to set for twenty-four hours, 


nN. 
Refers to procedure a, page 
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d) The soil suspensions were then filtered using Whatman 44 
filter paper. ° 

e) The residues were washed with twenty-five mls of H,0. 

f) The extract was acidified with a few drops of HCl and 
brought to boiling. 

g) Bariym chloride was slowly added to the hot liquid until 
no further precipitation occurred. 

h) The precipitate was filtered using Whatman 44 filter paper 
and washed until a negative chloride test © was given with 
silver nitrate. 

i) The filter paper was then folded into a crucible which had 
previously been brought to constant weight.1 

j) The crucible was warmed to char the filter paper. 

k) The crucible was then placed in a muffle furnace at 700°C 
for 10 hours. 


1) The crucibles were cooled and weighed. 


4) Calculations 


a) Weight BaS0 , equals weight of filled crucible minus weight 


of empty crucible. 


° A high retentive, low ash filter paper. 


PA negative chloride test gave no white precipitate when one drop 
of silver nitrate (AgNO3) was added to the wash water. 


4 Process of ashing at 700° for 5 hrs., weighing and comparing weight 
with previous weighing. 
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b) gm 90, _ gm precipitate 28.06 (10 ) 


gm sample 


qm precipitate (0. 421)(100) 
gm sample 


f. Bacteriological Procedures. 


1) 


Enrichment Cultures - anaerobic and aerobic Enrichment culture 

techniques were applied to the samples. 

a) Centrifuged sediment samples were divided into four parts, 
two parts were placed into two petri dishes and the other 
two portions were placed into two jars with screw cap lids. 

b) Two mls of Ethion were added to one of the petri dishes 
and to one of the jars. 

c) All samples were covered with supernatant H50 from the 
centrifuging process, When there was not sufficient 
supernatant sterile distilled water was used. 

d) The two jars were equipped with a lighted candle. The 
jar was shut tightly and the candle was checked to 
ensure that it did not continue to burn. 

e) Samples were allowed to stand at room temperature for 
twenty days. They were kept in a storage area where 
light could enter. 

f) When liquid evaporated from the aerobic samples in the 
petri dishes, sterile distilled water was added to keep 


the samples moist. e 
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2) culture Media - composition per liter 
a) Thioglycollate medium (fluid) 
Bacto-casitone 15 g 
Bacto-Yeast Extract og 
Bacto-Dextrose 5.5 g 
Sodium chloride 2.5 g 
L-cystine 0.5 g 
Sodium Thioglycollate 0.5 9g 
Bacto-agar 0.75 g 
Resazurin 0.001 g 
b)} Agar Slants 
Bacto beef extract 39 
Bacto peptone 3g 
Bacto agar 15g 
To each tube was added one inch of iron wire and 1 ml 
of Ethion (equivalent to .0035 moles). 
c) Agar Plates 
Bacto beef extract 39g 


Bacto peptone 


an 
io] 


Bacto agar 15 g 
3) Procedure 
a) Thioglycollate media was inoculated with supernatant 
from enrichment cultures of all samples (2 tubes/sample). 


Inoculated tubes were incubated for one week at 37°C. 


4) 


b) 


c) 


d) 


e) 


f) 


g) 
h) 
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After the one week period, agar slants ‘vere prepared with 
OM NaySO, and a one half inch piece oi iron wire. Iron 
wire had been cleaned with diluted HCl. Stabs were made 
from all thioglycollate tubes. Stabs were incubated at 
37°C for 48 hours. 

After the 48 hr. incubation period, agar plates were 
streaked with samples from each slant, which had a positive 
FeS test. These plates were then kept anaerobically at 
35°C for 48 hrs. 

Gram stains were made from the agar streak. 

Data was reviewed for cultures which produced FeS with 
Ethion but did not produce it without Ethion. 

Colonies from these plates were inoculated into agar slants 
with iron wires. Those cultures which had received Ethion | 
in the original sediment enrichment cultures were inoculated 
into slants with 1 ml of Ethion. The control samples were 
inoculated into tubes with no Ethion. 

FeS production was observed. 


Gram stains were made. 


Procedure Revision 


A check of the bacteriological procedures was run. 


a) 


Cultures from the original thioglycolate tubes were inocu- 
lated into fresh thioglycolate media. Samples previously 
treated with Ethion were inoculated into tubes to which 


Ethion had been added. Control samples received no Ethion, 


3) 


6) 


b) After forty-eight hours of incubation a1 37°C. organisms 
were inoculated into stabs, again maintaining controls 
with no Ethion. 

c) Cultures were incubated at 37°C for twenty-four hours 
and reviewed for FeS production. 

Ethion dosage Which was added to each agar stab was calcu- 

lated on a sulfur per ml. basis. 
Density = 1.22 g/ml 


Molecular weight = 384 


grams S per ml = 128 (; 99) 


384 
0.406 g Sulfur/ml 


Ethion Sterilization 
Prior to addition to the cultures, Ethion was sterilized by 
passing through a 0.45 micron millipore filter. Millipore 


equipment was sterilized via autoclaving prior to usage. 


2. Verification of Analytical Procedures 


a) 


Sulfide Analysis 

The accuracy of the procedure for the determination of sulfide 
was verified by the usage of known sulfide concentrations. 

The recovery of the system was also determined. A solution 

of sodium sulfide (NaJ5 - 9H) was accurately prepared to con- 
tain 0.571 mg S” per ml of solution. 

1) Trial rums were made by adding known amounts of sulfide 


ion to the system and titrating them. Results were: 
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Trial mg _S Added mgS Determinec Per cent accuracy 


1 0.571 0.550 96.6 per cent 
2 0.290 0.290 100.0 
3 0.294 0. 288 98.0 


2) Known amounts of sulfide ion were then added to a pre- 


b) Sulfate Analysis 


Precision of the procedure was determined by analyzing 
duplicate samples. Results were (g SO, / 1 g sample) 


Sample Trial 1 


12 AE™ .0024 
12 AN’ .0043 
2 AE 0014 


c) Sulfide Blank 


1) A reagent blank was run daily on chemicals used in the 
sulfide analysis. 

2) A check was performed on possible sulfide contamination 
by incomplete Ethion extraction, 
produced less than 0.016 mg of S. 
were added to sampies and extracted. 
produced by one half ml, it was determined that error due 


to insufficient extraction was insignificant in the deter 


mination. 


r e 
Aerobic 


s 
Anaerobic 


Trial 2. Trial 3 Average 


. 0027 


. 0042 . 0048 


0016 


One half ml of Ethion 
Two mls of Ethion 


Since 0.016 mg was 


ll. 


AZ; 


13, 


14, 
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Abstract 


Enrichment culture technique was used to study the 
utilization of sulfur compounds by mixed bacterial 
flora in the Indian-Banana River lagoonal system. A 
pathway separate from the traditional oxidative sulfur 
cycle was observed. An organic, iodometrically titratable 
material, was found tc be produced in large quantities 
by the bacterial population upon enrichment. Partial 
identification of this material, and its possible 


function are presented, 
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Introduction 


Sulfur is a structural component of all complete 
proteins, and is therefore an element essential to ali 
life on this planet. It also serves as a key element ir 
many biochemical reactions because of its bond versatility. 
It has the capacity to form nultipre bonds, thus contribut- 
ing to the thermodynamics of energy transfer and storage. 
The ability to form up to six covalent bonds greatly in- 
creases the variety and extent of energy changes which 
may occur. It allows a wide range of possibilities for. 
resonance ahone precursors and products of exchange 
reactions. The relatively wide spacing and weakness of sul- 
fide bonds, together with the tendency to add an electron 
pair in the unoccupied third orbital of each atom contri- 
butes to the reactivity of its compounds with other 
molecules thus promoting electron exchange reactions 
(Wald, 1969}. These properties of sulfur are readily sum- 
marized in the concept of a natural cycle. 

The sulfur cycle aids in explaining the mineraliza- 
tion of organic materials, as well as the synthesis of 
the numerous intermediate compounds which enable recycling 
throughout the marine, aquatic, and terrestrial systems. 
Included in it. are many biochemical reactions involving 
a variety of organisms. The bacteria mediate? reactions 
of the cycle are well known. The most important of newe 


are shown in Figure 1 (Peck, 1962). 


Sulfur Cycle 


Thiobacillus SO,” eS organi. aul 


Desulfovibr 
Chlostridiu 
Beggiotoa S04” 
Chroma tium 3203 
(Indirectly 
many heterc 
trophic 
organisms ) 
Shlorobium 54%. 


heterotrophic SO ac et «cellular 
organisms ~y ————oOoO— »=6material 


Sigure ]. Simplified diagram of the sulfur cycle. The 
major microorganisms that participate in the reduction 

of sulfur are listed on the right hand side; those that 
take part in the oxidation of elemental sulfur and sulfide 


to sulfate are listed on the left (Peck, 19€2). 


Two phases of the sulfur cycle can be discerned; 

a reductive phase in which sulfate is reduced to sulfide, 
and its oxidative counterpart in which sulfide is 
oxidized to sulfate. Many of the biochemical reactions 
and organisms involved in this oxidative phase are not 
fully understood, and an acceptable intermediate has 

not been clearly dent Pied; 

Experimentation was conducted in Banana Creek, 
(Figure 2) which is an estuarine sub-system that drains 
the northern part of “erritt Island and empties into 
the Indian River. [fhe presence of beds of sulfide muds 
among the sediments underlying the waters of this 
saline lagoon was established by Akimoto (1971),and 
extended to Banana Creek by Beazley (1974). Beazley 
demonstrated a relationship between the mud beds, 
transport of nutrients and certain anaerobic bacteria. 
In the present work, preliminary observations indicated 
the disappearance of hydrogen sulfide from the water 
column just above the muds, but no measurable increase 
im sulfur oxides could de demonstrated. The probable 
fate of the hydrogen sulfide produced in the muds is 


the subject. of this thesis. 
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Methods 


The primary method used for eliciting bac“erial 
response was the well recognized enrichment culture 
technique (Pelczar, 1957). In practice lagoonal water 
was collected in sterile 500 ml glass bottles. Aliquots 


of water samples were transferred to sterile 125 ml 


Nalgene ® potties containing an enrichment of one ml of 


nutrient broth (Difco) to each 10 ml of water sample. 
The medium was prepared to label strength with lagoonal 
water and sterilized before use. 

Parallel enrichment cultures were incubated at 
37°C for 48 hours under both aerobic and anaerobic 
conditions. A disposable gas pack (BBL) equipped with 
a hydrogen and carbon dioxide generator envelope was 
used to achieve anaerobic conditions. 

These experiments were designed 50 that initial 
(pre-incubation), final (post-incubation), and control 


bottles of enriched lagoonal water were included. The 


control consisted of water enriched after filter steriliza- 


tion using a pre-sterilized Millipore ® apparatus contain~ 


ing a O.4u membrane filter (Millipore Corp.). The control 


in all cases was incubated at the same temperature as 


the final bottle. Precent transmittance, sulfide, sulfite, 


and sulfate ion concentrations were determined both 
initially and finally on all samples including the 


control. 


Optical measurements were made using a Bausch- 
Lomb Spectronic 20 set at 460n after which the ceil 
crop was harvested by centrifugation (internaticaal 
Centrifuge Model HT with head number 856) at 9,000 
rpm for five to six minutes. 

Sulfide as hydrogen sulfide was determined by 
jodometric titration of the sample after acid liberated 
hydrogen sulfide gas was trapped in cadmium chloride at 
pH 1-2 (Akimoto, 1971). Sulfite ion was also determined 
jodometrically in an acidified sample (Standard Methods, 
1971) and corrected for sulfide concentration by differ- 
ence. Sulfate ions were determined by barium precipita- 
tion (Standard Methods, 1971). A photometric standard 
curve for a range of 0 to 3 g/l was used for turbidimetric 
sulfate ion determination, 

Qualitative spot tests used regularly were: 
the malachite green test for sulfite ions (sulfite 
decolorizes malachite green); the mercuric chloride and 
litmus paper test for thiosulfate (two percent mercuric 
chloride added to a sample of thiosulfate followed by 
a small amount of KCL turns blue litmus red); and, the 
jodine-azide test for reduced sulfur (Feigl, 1958). 

A test for total thiols was performed with an 
alkaline solution of cupric chloride and hydroxylamine 
hydrochloride (Feigl and Anger, 1966). A test for deter- 


mination of primary and secondary thiols (Feigi and Anger. 


1966) was also performed. The sample was added to 
concentrated ammonia and heated in boiling water. A 
positive test was indicated by blackening of leas 
acetate paper on the mouth of the sample tube. 

Ether extractions were performed by shaking 
approximately 100 ml of ether with 300 ml of “tell 
free" culture medium vigorously for about 10 minutes. 
The water layer was then decanted and the ether layer 
transfered into a clean beaker. The ether was allowed 
to evaporate, leaving ¢ residue in a small amount of 
water. This material was treated with approximately 
2.5 ml of a 50% (v/v) solution of mercuric nitrate 

(Karchmer, 1966; Rayland and Tamele, 1970). A yellow 
precipitate resulted, which was washed twice with 

25 ml aliquots of distilled water and desiccated 
overnight. The resulting powder was analyzed with an 
infrared spectrophotometer (Perkin-Elmer). Additional 
instrumentation methods for identification of the thiol 
were conducted by the micro-chemistry laboratory at 


the Kennedy Space Center. 


Resul ts 


The initial experiments employed samples enriched wi i. 
nutrient borth (Difeo), which were incubated aerobica’'v 
and anaerobically (BBL disposable gas pack) at 37°c, 23°C. 
and 9° to detect variations in hydrogen sulfide production. 
Hydrogen sulfide was determined by the blackening of lead 
acetate paper at the mouth of the sample test tubes (Pelczar, 
1957). Hydrogen sulfide production was noted in samples 
incubated at 37°C whether aerobically or anaerobically. 
Hydrogen sulfide production at 23°C under aerobic conditions 
was slight, whereas under anaerobic conditions it was quite 
strong. No growth occured at 9°C, indieating that lagoonal 
psychrophilic bacteria had no definable role in hydrogen 
sulfide production in these experiments. (See Table VI in 
the appendix for raw data). It is acknowledged that the enrichme: 
used may not have supported growth of some indigenous organisms 

Attention was then directed toward the establishment 
of baseline values for sulfide, sulfite, and sulfate ions 
in enriched cultures before and after incubation under 
aerobic and anaerobic conditions. These values are presented 
in Table 1. 

Remarsably large amounts of sulfate disappeared 
under aerobic conditions, and to a lesser extent. under 
anaerobic conditions. Tnis probably represents the 
utilization of sulfate as a hydrogen acceptor by various 


members of the mixed flora. Sulfate production was noted 


Table I. 


Changes in sulfide, sulfite, and sulfate (mg/1) 
levels in samples of lagoonal water enriched 
with nutrient broth (Difco) after 4& hours 
incubation at 37°C under aerobic and anaerobic 
conditions. (See Table VII in appendix for raw 


data) 
37 SO,” 
Aerobic 
Surface Water 40.004 +#5.00 
Bottom Water -0.016 +7225 
Anaerobic 
Surface Water +0.02 416.75 


Bottom Water +0.002 +18. 30 


SO, 


~440 
~540 


-350 
-240 
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only when inorganic phosphate (KH5PO, ) was added to 48 
hour cultures and incubated for twelve additional hours. 
The addition of 40 mg/l inorganic phosphate resulted in 
an increase of 100 mg/l of sulfate ion. 

Sulfide production was not greatly evident under 
aerobic conditions, but did occur under anaerobic condi- 

. tions although the amounts recovered were not large. These 
data, in addition to the results of the preliminary 
experiments do, in fact establish that the production of 
hydrogen sulfide under aerobic conditions continues to 

be unusual. Sulfide ions, however, may be incorporated 
into other sulfur compounds. 

The amounts of iodometrically titratable materials, 
which were then thought to be sulfite, increased marked- 
ly under both conditions of incubation, and were three 
times greater in surface water samples incubated under 
anaerobic conditions than in those incubated under aerobic 
conditions, The bottom water samples (collected three to 
six inches above the sediments) yielded similar differences. 
Both yielded greater amounts than did the surface water 
samples. The anaerobic culture, however, yielded about 
2.5 times more than the aerobic culture. More concise 
identification of the iodometrically titratable material 
was then undertaken. 

A suspension of bacterial cells was obtained by 


enriching several liters of lagoonal water, incuhating 


li 


anaerobically for 48 hours, then harvesting ny centrifu. 
gation. The cells were washed once in sterile Lagoonal 
water, then suspended in 50 ml thereof. The suspension 
was divided between two dialysis bags, one of which was 
then heated to 100°C for 15 minutes to kill the cells. 
Each bag was then placed into a container of sterile 
lagoonal water to which a measured amount of sodium 
sulfite had been added. Sulfite and sulfate levels 

were determined immediately after introduction of the 
dialysis bags, and again after four hours of incubation 
at 97° Cs Thereupon the bags were opened, the cells 
separated by centrifugation and sulfate and sulfite 
levels determined. 

The initial level of sulfate 2.5 g/l was about that 
which is usually encountered in lagoonal water samples 
throughout the Indian-Banana River lagoonal system. About 
the same amount of sulfate disappeared from both containers, 
thus in this experiment no immediately useful purposes 
were served by this ion. Sulfite ions, however, migrated 
into the dialysis bags and seemed to be retained. The 
calculations. however, indicated much greater amounts <«f 
sulfite in the bag containing live cells; an increase oi 
6.9 mg/l over that which could be explained by the ameun: 
added. This value was established by adding the *inai 
sulfite concentration in the tank and the sac, and from 
this value subtracting the concentration of the tank 


initially. The resulting figure represented the 
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amount of sulfite produced. A small increase is also 
evident in the bag containing the killed cells, but 
may only reflect a residue of incompletely deactivated 
enzyems. These data are summarized in Table II. 

These data support the possibility that the sub- 
stance formed was not sulfite. Consequently qualitative 
tests were carried out in order to gain some idea of 
the material(s) nature. The iodine-azide reaction for 
sulfur present as sulfhydryl, disulfide or thiosulfate 
was positive. The qualitative tests for sulfide, meta- 
bisulfite, bisulfite and thiosulfate were negative. 

Since is was reasonably evident that the material was 

not a simple sulfur compound, the probability of an organic 
compound was considered. The iodine-azide test was also 
positive when cystine and cysteine were studied, therefore 
these amino acids were used as additions to enrichment 
cultures. Methionine was also used as a matter of interest. 
The results indicated that these materials were used 

by the mixed bacterial flora to produce additional 
jodometrically titratable material. The data are presented 
in Table III. 

Since it had been noted that hydrogen sulfide disap- 
peared from the water a few inches above the sulfide 
muds in the lagoon, sodium sulfide was added with nutrient 
broth enrichment, and also served as a precursor for the 


jiodometrically titratable material. These data are 
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Table II 


Changes in sulfite (mg/l) levels as effected 
by "resting" bacterial suspensions* in dialysis 
sacs. Incubated for four hours at 37°C. 


Final net change 
Initial (tank) tank sac in sac 
Live Celis — 
7 S05” 7450 2.20 12.20 +6.90°— 
Killed Cells 
S05 9.50 3.80 6.70 41.00 


Ay ete wee Mt 


so 


* in sterile river water with added Na, 


3 


** final(tank) + final(sac) - initial(tank) 


Ls 


Table IIi 


Increase in iodometrically titratable material 
upon addition of sulfur containing compounds (mg/l). 


; initial final net increase** 
amino acid enrichments* 
cysteine 11.0 23.0 70 
cystine 11.0 21.0 | 6.0 
methionine 11.0 24.0 8.0 
control . 11.0 16.0 oe 


we a me Oe SOOO Bee ee OE Owe WO e wee wees 


* The nutrients were added to cultures that had been 
incubated at 37° for 48 hours. fhe same incubation 
conditions were maintained for another 12 hours. 

At this time the experiment was terminated. 


** net increase © final - control final 


Table IV 


initial final net increase 
ancreanic enrichment* 


control 2.0 3-9 1.9 
V2.5 anc 
ae 2.9 19.7 15.8 

nutrient 

protn 

nutrient broth 1.7 12.0 8.1 
“355 oy 

difference 707 


* The .>srganic enrichments were added to cultures 
initiatiy and ireubated for 48 hours at 37°C. 
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summarized in Table IV. 

The amino acids were used to increase the amount 
of iodometrically titratable material produced, therefore 
it seemed unlikely that these could also be the materiai‘-' 
produced. Qualitative tests for other reactive compounds 
were then conducted, and were positive for primary and 
secondary, thiols. In addition, amino acids are generally 
insoluble in ether, whereas thiols are soluble (Weast, 
1973), thus ruling out cysteine as the thiol. A summary 
of the precursor compounds in thiol synthesis is presented 
in Figure 3. 

Thin layer chromotography was used for further puri- 
fication and identification of the thiol. Ether extraction 
followed! by precipitation with mercuric nitrate yielded 
a material which could be partially identified by infrared 
analysis. An expanded infrared curve is presented as 


1 


Figure 4. Strong peaks at 1600 cm™ and 450 em72 indicated 


a benzene ring. Meta substitution on the ring is evidenced 


1 a The ~SH group is 


1 and 900 om” as are 


-CH,~C and ~CH,- groups by strong peaks at 2910 em7?, 
2850 om, 1375 om? 1 


on the scan are identified and presented in Table V as 


by peaks at 680 cm and 450cm™ 


identified by weak peaks at 2550 cm 
and 1525 cm ~. The significant groups 
taken from Dyer (1965) with their ranges. 


The data presented in Table V indicates that one 


of the following is the most probable structure of the thiol. 


wn 
‘ 


cysteine 


cystine ————_—_____—} minee ~—_—___ so" 


Sate ce a in 


Figure 3. The compounds shown are known to be 
metabolized to the thiol. The oxidation 
of the thiol to sulfate is uncertain. 
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WAVELENGTH (MICRONS) = tievar« 


ABSORBANCE 


FREQUENCY (CM") 


Table V 


Group 


aromatic substitution: 
three adjacent hydrogen atoms 
~SH 


-SH 
meta subdstitution 


OH stretching 
aromatic 
C-C stretch 


CH4-C or -CH,~ 


2 


range om" 


780 
2660-2550 


940-820 


740-680 and. 
500-400 


3400-3200 
1600 and 1450 
1200-800 
3000-2825 


1400-1350 and 
1490-1425 


(Dyer, 1965) 
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intensity 


medium 
weak 


weak 


weak 
weak 


strong 
strong 
strong 
strong 


strong 
strong 


The scan indicates that a sulfhydryl and a methyl 
group are in the meta position with respect to each 
other on the benzene ring. The position of the methylene 
group(s) could not be established. It is most likely that 


these group(s) are located subterminally on either of 


the meta positioned side chains described since no 


third substitution is indicated. 


20 
Discussion 


Previous authors (Peck, 1962; Jocelyn, 19°72; Lees, 
1960) have suggested that organic intermediates might 
occur in the oxidative sulfur cycle, but the identifica-~ 
tion and function of such intermediates has not been 
described. Various proposals have been made to explain 
how the intermediates are formed. Peck (1962) has suggested 
that at some oxidative level, the inorganic sulfur is 
incorporated into an organic molecule. Lees (1960), however, 
believes that an organic acceptor strips the ~SH groups 
from the sulfur compounds in the medium. Voger's (1942) 
work, however indicated that Thiobacillus thiooxidans was 
synthesizing an organic storage product from CO. during 
sulfur oxidation. In the present work, an iodometrically 
titratable material was produced by a mixed bacterial 
flora which developed in enrichment cultures. Production 
of the material was augumented by the addition of any of 
a variety of sulfur compounds to the enrichment. 
Identification of the compound(s) was undertaken by 
means of established methods. The "cell free" supernatant 
of freshly grown enrichments were known to react with iodine. 
The supernatant also produced (N.) when mixed with iodine- 
azide reagent, a highly sensitive test for sulfur present 


as sulfhydryl, disulfide or thiosulfate groups (Feigl, 


1958). Dithionate and polythionates do not react with 


jodine (Karchmer, 1970; Starkey, 1934) and could be ruled 


out. The malachite green test for sulfite, bisulfite 
and metabisulfite groups,and the mercuric chloride test 
for thiosulfate (Feigl, 1958) were negative, ruiing 

out these compounds as well. 

Having eliminated the probable inorganic sulfur 
compounds as the iodometrically titratable material, 
attention was directed toward the more common organic 
sulfur compounds. Cystine and cysteine, both reacted 
in the iodine-azide test, but methionine did not. 

Thus suggesting either a sulfhydryl (-SH) group or a 
disulfide ¢-S-S) group. 

Upon reaction with mercuric nitrate (Hg (NO5) 9) 
(Karchmer, 1970), the bacterial product yielded a 
plack precipitate, Upon testing cystine, cysteine, 
and methionine, only cysteine formed a similar black 
precipitate, increasing the probability of a thiol (-SH) 
group being the compound. Thiols are also known to 
react with iodine (Karchmer, 1966; Rayland and Tamele, 
1970). Qualitative tests of the sample for a thiol group, 
using an alkaline solution of cupric chloride and 
hydroxylamine (Feigl and Anger, 1966) were strongly 
positive as was the alkaline decomposition test for 
primary and secondary thiols. Further analysis as 
indicated in the resuits, resulted in two possible 
structures of the compound. Either of the most probable 


chemical structures of the thiol is remarkably similar to 
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meta-thioanisole, and may eventually prove to be a clcse 
analogue. The benzene moiety in the structure may be 
derived from tannin and lignin which accmulates in the 
waters following plant tissue degradation. It is possible 
then, that thiol synthesis serves two purposes, a storage 
depot for reduced sulfur since the amount produced under 
anaerobic conditions is about double that found under 
aerobic conditions as well as a means of detoxifying the 
unusually bactericidal natural phenolics. 

The probability of thiol formation in nature is 
furthered by the failure to demonstrate hydrogen 
sulfide in the water column, particularly above sulfide 
muds. Small amounts (1-2 mg/l) of thiol are, however, 
ordinarily encountered. Following storms and periods of 
high winds, the noticable stench particularly along the 
shore lines attest to the rapid increase in amount and 
subsequent volatilization of the thiol. The increase is 
best explained as a result of the turnover of the water 
column, disturbance of the bottom muds, and a concomitant 
increase in the precursor nutrients in the water, in 
effect an enrichment, the volatile thiol is then formed 
by bacterial action. 

The thiol was produced whenever previously established 
inorganic compounds of the sulfur cycle (Peck, 1962) were 
added to enrichment cultures. The addition of sulfate, 


however, did not affect thiol production. It is a reason- 
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able assumption then, that sulfate ions are not significantly 
involved in this phase of the sulfur cycle. It is also 
reasonable to suggest that the reductions leading to 

thiol production are mediated by heterotrophic organisirs 
since the methods used were selective for heterotrophs, 
whereas those leading to sulfate production are probably 
mediated by autotrophic organisms (Peck, 1962; Trudinger; 
1965). 

Evidence presented by Roy and Trudinger (1968) 
indicates that the metabolism of tetrathionate and 
trithionate, both aerobically and anaerobically by the 
facultative Thiobacillus neopolitanus, is very sensitive 
to thiol-binding reagents while the oxidation of these 
compounds is inhibited by 100% oxygen (Trudinger, 1964a+b), 
It was suggested that thiol groups are necessary for 
polythionate oxidation, and that reduced oxygen tension 
was associated with the generation of thiol groups. The 
works of several authors (Lees, 1960; Peck, 19623 Jocelyn, 
1972; Trudinger, 1965) suggest that the oxidation of 
polythionates takes place at the outer surface of the cell 
membrane. 

Jocelyn (1972) ebserved that oxidation of thiols can 
arive the phosphorylation of ADP to ATP when inorganic 
phosphate is supplied. In the present work also, the 
addition of phosphate to enrichment cultures yielded a 


significant increase (approximately 100 mg/1) in sulfate 
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ions,suggesting a reaction parallel to that described dy 
Jocelyn. However, there was no concomitant change in 

thiol accumulation. Previous work (Peck, 1962) also 
demonstrated that sulfate can not be formed from thioeulfs. ‘¢ 
or tetrathionate without added inorganic phosphate. 

The phesphate requirement for sulfate production 
has been well established by several authors (Santer, 1959; 
Margulies and Santer, 1958; Trudinger, 1965) and appears 
to involve mainly the autotrophic genus Thiobacillus. 
Although most members of this genus are obligate aerobes 
several are faculative anaerobes and their combined 
activities may have been observed when sulfate synthesis 
was noted in the present report. Especially since Peck 
(1962) suggest that there is a gradation in the ability 
of various Thiobacillus species to oxidize reduced sulfur 
compounds; the facultative anaerobes being less efficient 
than the obligate aerobes. 

The inorganic phosphate dependent reaction sequence 
described in thiobacilli involved the oxidation of thio- 
sulfate or tetrathionate to sulfate (Santer et. al. 1960; 
Santer, 19593; Peck and Pisher, 1961). Tetrathionate may 
be an intermediate in the oxidation of thiosulfate. In the 
absence of inorganic phosphate, in cells susperided in tris 
(hydroxymethyl )aminomethane buffer (0.3 M., pH 7.2) oxygen 
consumption was approximately 70% of the theoretical 


amount required to oxidize thiosulfate to sulfate (Santer 
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et.al, 1960}. 

Phosphate catalyzes the oxidation of the thiosulfate 
to sulfate. Im some cases arsenate has been substitutec 
for phosphate (Santer et.al, 1950), and may also catalvz: 
the reaction or it may replace the phosphate in intra- 
cellular compounds (Peck, 1962). It has been demonstrated 
(Margulies and Santer, 1958) that the oxidation of radio- 
active thiosulfate in the absence of phosphate yielded 
wmnidentified intermediates. This was confirmed by Santer 
(1959) who used phosphate labelled with radioactive oxygen 
(oh) | Upon incubating with thiosulfate the resulting 


Sulfate contained the 018 


labelled oxygen. 

The literature presented in tne discussion and 

the results described in the present wark open several 
areas for further research. Some of these areas are: 

1. Radioactive tracing of the oxidative sulfur 
cycle to confirm the reactions as they are 
presentiy understood. 

2, Final isolatior and identification of the thiol 
with complete instrumentation including nuclear 
magnetic resonance (NMR), gas-liquid chromotography 
{GLC}, and liquid chromotography. 

3. Final identification of the several bacterial 
species in the «ixed cultures that are involved 
in the oxidative suifur cycle. 


%, Confirmation of the chemical linkage of ~SH 
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groups to tannins and lignins as a detoxifying 
reaction. 

Determine the fate of excess thiol in tne water 
column. 

A broad study of the occurrence, and concentraticn 
of thiols in the Indian-Banana River lagoonal 
system as related to changing meterological 


conditions. 


ho 
~J 
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I. INTRODUCTION 


The Kennedy Space Center is located on the northern 
section of Merritt Island.in Brevard County, Florida, which 
is on the Atlantic coast of Florida about midway between 
Miami and the northern Florida border (Figure 1). Merritt 
Island is part of the barrier island system that: occurs 
along much of Florida's east coast. It is bounded on the 
west by the Indian River, on the north by Mosquito Lagoon, 
and on the east by the Banana River and Atlantic Ocean 
(Figure 2). 

A shallow aquifer under nonartesian conditions 
underlies the entire island (Brown and Hyde, 1964). Thick- 
ness of this aquifer varies from 15 feet to over 70 feet 
and depth to the water table ranges from land surface to 
about 20 feet below land surface. An artesian aquifer 
occurs below the nonartesian aquifer at depths from 120 to 
80 feet below mean sea level. The aquifers are separated 
by relatively impermeable beds of fine sand, silt, shells, 
and clay. | 

Shallow groundwater interacts panes directly with 
nearby surface water bodies, climatic factors such as rain- 
fall and evaporation, surface vegetation, and many of the 
surface activities of man (ward, 1967). For these reasons 
it was thought that a chemical study of the shallow ground- 


water of northern Merritt Island would provide useful 


information as a portion of an ecological baseline study. 


Brodsky and Popov (1959) have stated that the 
results of chemical analyses should indicate general 
characteristics of regional groundwater quality, princi- 
ples regarding chemical nance (areally and in time), 
and the suitability of groundwaters for practical use. 
The present study has considered some aspects of the 
first two of these approaches. If information ts desired 
regarding potential consumptive use of the groundwater, 
Walton (1970) or McKee and Wolf (1963) may be consulted. 

Regional groundwater quality was investigated by 
the drilling of bore holes that penetrated the upper 
part of the saturated zone. Analyses for the major ionic 
constituents (except silica) as defined by Davis and 
DeWiest (1966) were performed in order to permit identifi- 
cation and classification of the major types of shallow 
groundwater. 

Principles concerning temporal and areal change 
in groundwater quality were investigated by means of 
insertion and periodic sampling of shallow observation 
wells. The wells were located near surface water bodies 
(described in detail in a later section) so as to provide 
information on the nature of the interaction between sur- 
face water and shallow groundwater. Water level records 
were kept and rainfall data obtained to help euniain the 
effects of precipitation and evapotranspiration on ionic 


concentration. 


The primary objective of this study was to provide 
baseline chemical data on conditions in the shallow aquifer. 
Secondarily, the influence of some processes such as saline 
intrusion, rainfall, and svdceeavich were examined. Na- 
turally occurring minor constituents and artificial con- 
taminants such as pesticides were beyond the scope of 


this project. 


Figure 1 - Map of Florida with Locations of 
Merritt Island and Brevard County 
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Figure 2 - Merritt Island 
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II. BACKGROUND 
A. The Groundwater Regime 


Only a very small fraction of the water involved 
in the global hydrologic cycle occurs as water in the pore 
spaces of rocks and soils of the earth's crust (Odum, 1971). 
Water reaches the earth surface generally as pHECIBLEALION 
in the form of rain or snow. A portion of the precipita- 
tion infiltrates the soil and serves to recharge the volume 
of soil water (groundwater). Once in the ground, water 
may be evaporated (if close to the surface), transpired 
by plants, or begin movement toward ultimate points of 
discharge, Ssevents rivers, streams, lakes, and the sea. 
Movement through rock and soil is very slow, rarely more 
than three feet per day (Meinzer, 1942). 

Since virtually all of the material in the earth's 
crust is at least slightly soluble in water (Kuenen, 1963), 
water reaching the soil begins to dissolve the material 
with which it is in contact. The rate and degree to which 
dissolution proceeds is influenced by a number of processes 
and physicochemical principles. Among these are initial 
solute concentrations of the source water, solubility of 
crustal minerals, temperature, pressure, pH, adsorption, 
ion-exchange (Carroll, 1959), the action of clays as semi- 
permeable membranes (Bredehoeft, et. al., 1963), climate, 
amount and type of vegetational cover, activity of soil 


microorganisms, and the influence of man (Hem, 1970). 


The ultimate chemical composition of a hody of 
groundwater is therefore a reflection of the manner in 
which hemi cay reactions, physical processes, and environ-~ 
ment have combined in a given region. The nature of 
the interactions can be very complex and variable in time 
and space, thereby making cause and effect relationships 


in groundwater chemistry difficult to establish (Hem, 1970). 


B. The Merritt Island Area 


The area included in the present study consisted 
of Merritt Island north of the NASA Parkway (Figure 2). 
The region has been included in previous studies. Brown 
and Hyde (1964) of the U.S. Geological Survey conducted 
a study of the nonartesian aquifer for the purpose of 
evaluating the possible fate of radioactive materials 
accidentally released in the vicinity. Brown and others 
(1962) compiled a report on water resources of Brevard 
County with special emphasis on the artesian aquifer. 
This aquifer was not investigated during the present 
study. 

Brown and Hyde provided much information on the 
physical characteristics of the nonartesian aquifer. The 
following discussion is adapted from their findings. 

The deposits of the nonartesian aquifer consist 


of unconsolidated sands of Pleistocene and Recent age 


when some shells, silt, clay, and coquina. The relative 
amounts of silt, clay, and shells in a given deposit 

were found by Brown and Hyde to create a large variabi- 
lity in the permeability of nonartesian soils. They 
reported coefficients of permeability ranging from 0.04 

to 280 gallons per day per square Set. The porosity of 
nonartesian sediments ranged from 34.2 to 58.5 per cent. 
Rate of horizontal water movement in the aquifer was roughly 
computed at about three inches per day. The predominance 
of sand in the nonartesian aquifer resulted in low ion- 
exchange capacities. The highest reported value was 11.6 
milliequivalents per 100 grams for a "grayish blue clay." 
Most of the values were between 1 and 2 milliequivalents 
per 100 grams, and were reported for clean sands with some 
silt or shells. 

The geological deposition of Merritt Island pro- 
ceeded generally from west to east. An originally undulat- 
ing surface on the western side has been flattened by 
erosional activity. Hence much of the western side of 
the island is a low marshy area with many creeks draining 
into the river. With the exception of the beach ridges 
the highest land and water table levels are attained in 
the central section of the island. 

In the 1950's and early 1960's a system of dikes 
(Figure 2) was constructed by the Brevard County Mosquito 


Control District. The dikes created a series of impoundments 


(Figure 2) which served to control the breeding of the 
salt marsh mosquito, but also restricted the free exchange 
of water between the marshes, creeks, and the river. 
Nevin, et. al. (1973) have shown that impoundments which 
formerly connected to the river have shallow sediment 
profiles more characteristic of the river than of ter- 
restrial ponds and marshes. Water level in ie! dnpourae 
ments is generally controlled by natural processes of 
rainfall and evaporation, but during periods of low water 
levels river water may be pumped into the impoundments 

to supplement natural sources (Salmella, 1973). 

The climate of the Merritt Island area is humid 
subtropical (Brown and Hyde, 1964). Average annual tem- 
perature is about 72°F, with monthly averages ranging 
from 62.4°F in January to 81.6°F in August. Average 
annual rainfall is about 50 inches, most of which is 
received during the "rainy season" from June through 
October. During this period, intense rainfall of short 


duration is common (Brown and Hyde, 1964). 
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III. MATERIALS AND METHODS 
A. Bore Holes 


For survey information concerning shallow ground- 
water over the entire study area twenty bore holes were 
drilled at the locations shown in Figure 3. A total of 
five holes were drillea at site one at distances of 10, 
30, 50, 75, and 100 feet from the shore of impoundment 
T-10-D. Construction and sampling of water from the bore 
holes was conducted over the three day period July 24-26, 
1973. | 

The bore holes were started with a shovel by 
digging a hole about two feet deep. A hand auger was 
then used to drill deeper. Drilling with the auger was 
continued until water filled the bottom of the hole. The 
depth to which the hole was bored to obtain water did not 
necessarily represent the depth to the water table. In 
a few cases the water level was rising at the time of 
sampling, thus making it impossible to determine the level 
which water would obtain in a well. 

As the holes were drilled, records were kept of 
the layers encountered. These included measurement of 
depth and extent of each layer along with a visual des- 
cription of the color and nature of the material comprising 
the layer. Sulfide odors were also noted. Resistant 


layers were encountered during construction of some bore 


ll 


Figure 3 - Locations of. 
- bore holes 1-16, 
Merritt Island, 
Florida. 
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holes. Most notable of these were layers at sites five 
and fourteen that geplen ee to be compacted layers of fine 
black silty sand. 

Samples of water were obtained by dipping a small 
polyethylene bottle secured to the end of a six foot wooden 
rod into the bottom of the bore hole. When the bottle 
“filled it was retrieved and the contents poured into a 
larger bottle. This was repeated several times, until a 
total sample volume of about one liter was collected. The 
temperature was then recorded and the pH determined with 
a battery operated field pH meter (Orion Research, Ionalyzer 
model 404) equipped with a Corning glass electrode (Corn- 
ing cat. no. 476024). The meter was calibrated with a 
recently prepared buffer solution of pH 7.03 prior to 
each reading. | 
_ An aliquot (10-25 ml) of the sample was filtered 
through medium filter paper in preparation for an alka- 
linity titration. The mixed bromcresol green-methyl red 
indicator method was used (Standard Methods: 1971). Al- 
kalinity measurements were completed within 15 minutes of 
the time the water was removed from the ground. 

When all samples for the day had been collected 
they were returned to the laboratory. When the entire 
series of bore hole samples had been collected they were 
analyzed for chloride, sodium, calcium, magnesium, sulfate, 


and dissolved solids according to procedures outlined 


he 


below in the laboratory section. Analyses were completed 


13 days after the initial samples were taken. 


B. Wells 


Five locations in the study area were chosen as 
well sites (Figure 4). Four of these were sé or near the 
island margin and one was centrally located in the island 
interior. Sites were selected in order to sample a variety 
of the situations that exist where the island meets surface 
water bodies. Figures five through nine show the land and 
surface water relationships, land surface profile, and 
well locations and depths for each site. 

All wells were inserted by the jetting method. 

The method employed the use of a three horsepower gas- 
jousred centeituasl pump to draw water from the nearest 
body of surface water and force it through a section of 
one inch diameter PVC pipe. The stream of water emitted 
from the pipe was directed into the surface sediments. 
For most wells this was sufficient to scour a hole to the 
desired depth, although resistant layers were encountered 
at sites one and five. The most effective way of penetrat- 
ing these layers was found to involve alternating use of 
the water jet with a steel wait. boihe joined to a section 
of galvanized steel pipe. The well point was driven 


against the resistant layer several times and removed, 
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Figure 4 - Map of Merritt 
Island showing locatio! 
of well sites 
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Figure 5 - Land, Surface Water, and Well Relationships at Site One 
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Figure 6 - Land, Surface Water, and Well Relationships at Site Two 
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Figure 7 - Land, Surface Water, and Well Relationships at Site 3 
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Figure 8 - Land, Surface Water, and Well Relationships at Site Four 
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followed by insertion of the water jet to remove material 
loosed by the well point. Repeated application of this 
procedure was enough to penetrate even the most resistant 
layers. From the nature of the material pariaea upward 
out of the hole by the jaeting water, these layers ap- 
peared to consist mostly of shells and shell: fragments. 
Sand layers were penetrated with the least effort. 

When the jetting pipe was inserted to the desired 
depth it was disconnected from the discharge hose of the 
pump, capped, and left in place as a well casing. Because 
the hole was larger than the pipe diameter, sediments that 
had accumulated at the surface were replaced around the 
casing and packed. Since the jetting pipe was also to 
function as the well casing the bottom one foot had been 
previously drilled with about 200 holes of 1/16 inch 
diameter. 

The six wells and impoundment T-10-D at’ site one 
were sampled nine times between March 28 and July 3 of 
1973. The wells and surface water bodies at sites two 
through five were sampled three times at two-week in- 
tervals between June 4 and July 3 of 1973. 

The initial part of the procedure consisted of 
recording the water level in-each well. The device for 
this purpose incorporated a length of speaker wire, volt- 
meter, transistor radio battery, and lead fishing sinker. 


One end of the wire was split into two‘leads and secured 


. 
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to the sinker. The other end was split and connected to 
the voltmeter and battery in such a way that completion 
of the circuit at the sinker end would cause the needle 
of the voltmeter to jump. Field procedure consisted of 
lowering the sinker down the well casing until water was 
reached, at which time the voltmeter would register. The 
length of wire lowered into the casing was recorded. 
Measuring the distance from the ground surface to the top 
of the casing allowed calculation of water level depth 
below ground surface. 

In addition to the water level in wells a record 
was kept of the level in impoundment T--10-D.at site one. 
This was done by recording the water level reading at 
the Brevard County Mosquito Control District water con- 
trol structure at the southern end of the impoundment. 
These readings cannot be interpreted as exact water levels 
at the well site because of the influence of wind action 
operating over the distance between the well site and the 
water control structure. However, the readings provide 
a good record of water level changes occuring in the 
impoundment as a whole. 

Water samples from the wells were obtained with 
a section of PVC pipe 3/4 inch in atanseer. The sampling 
pipe was lowered inside the well casing allowing well 
water to rise in the sampling pipe. The upper (open) end 


of the pipe was sealed with a cupped hand, after which 
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the pipe was withdrawn from the casing. The water which 
remained in the sampling pipe after withdrawal was drained 
into a clean polyethylene bottle. This procedure was 
repeated until a suitable volume was obtained, usually 
300-400 milliliters. 

After collection of the sample, the water tempera- 
ture and pH were measured. When all samples had been 
collected they were returned to the laboratory for chemi- 
cal analysis. Analyses were usually completed within three 
days of the time of collection and at no time did the 
period of storage exceed 19 days. Analyses were conducted 
for chloride, calcium, magnesium, phosphate, and sulfate 
(July 3 samples only) according to procedures described 


below. 


C. Laboratory 


Accepted procedures and techniques of analytical 
chemistry were followed as closely as possible. These 
include such things as the use of clean glassware and 
sample bottles, reagent grade chemicals, careful measure- 
ment of weights and volumes, standardization of reagents 
prior to use, and treatment for interfering substances | 
where significant. The reference methods of analysis were 
modified in certain instances and will be noted where 


appropriate. 
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The argentometric method (Standard Methods) was 
used for the determination of chloride ion. The method 
includes any amounts of iodide, bromide, and cyanide 
(Standard Methods). As a wide range of chloride concen- 
trations were encountered, a concentrated silver nitrate 
titrant solution (Martin, 1968) was used for the samples 
with high chloride levels. 

Interference was caused by color and sulfide in 
some of the samples. The interference by color was mini- 
mized by the process of dilution of ‘small volumes of sample. 
Sulfide interfered by the formation of a brown precipitate 
so these samples were shaken and allowed to stand until 
further titration indicated that the interference was no 
longer present. 

Calcium and magnesium ion concentrations were de- 
termined with a modification of the EDTA titrimetric method 
given in Standard Methods. The method is presented by 
Katz and Navone (1964) and enables determination of cal- 
cium and magnesium in the same water sample. 

The end points of the titration were found to be 
somewhat gradual. Therefore titration was continued 
until addition of titrant caused no further color change. 
Such problems cause difficulty in studies where highly 
accurate measurements are required. In his study of ionic 
ratios in the Indian River, Hutchinson (1973) found gravi- 


Meter methods more suitable. 
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Several metal ions interfere with the calcium/ 
magnesium determination (Standard Methods). The addi- 
tion of an inhibitor (hydroxylamine hydrochloride) mini- 
mized effects of some of these (aluminum, copper, iron, 
and manganese) although others are included in the titrated 
values. These include barium, cadmium, (ead: and stron- 
tium. The first three of these are present in very low 
amounts in natural water (Hem, 1970), although strontium 
can be significant. Data on trace constituents (presented 
later) indicate that as much as 10 mg/l strontium may be 
included in a few of the calcium values. 

Sulfate ion concentration was determined with a 
turbidimetric method (Standard Methods) utilizing a Bausch 
and Lomb spectrophotometer (Spectronic 20). Color inter- 
fered with some samples so these samples were diluted 
until the color problem was minimized. 

Orthophosphate concentration was measured using 
the Hach Chemical Company Phos Ver III method. It isa 
spectrophotometric method with color development propor- 
tional to phosphate concentration. Some samples contained 
little or no phosphate and had such high transmittances 
that those reported values serve only to indicate very 
low phosphate concentrations. 

The concentration of sodium ion was measured with 


a gravimetric method (Standard Methods). Interferences 
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suggested in Standard Methods as possibly affecting the 
procedure were not believed to be present in significant 
amounts. Precipitation of silica may have occurred but 
the effects of this on calculated sodium are small 
{Standard Methods). | 

The Standard Methods procedure for filtrable resi- 
due was used for the determination of dissolved solids. 
All samples were filtered first through medium filter 
paper (Scientific Products, F2402-125), then through 
Millipore filter papers of successively smaller pore sizes. 
The pore diameter for the last of the filtrations was 
0.45 micron. After filtration 50 or 100 ml. portions of 
the sample were placed in weighed flasks, evaporated, and 
dried for 24 hours at 178-180°C. Results are therefore 


reported as filtrable residue on drying at 179°C. 
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Iv. RESULTS 
A. Data Obtained from Bore Holes 
1. Soil Profiles 


The nature of the soil structure at each bore hole 
location was described as the bore holes were drilled. 

The descriptions of soil profile at each location are 
included as Table 2 of Appendix A. 

The data show that while fine sand is the predomin-~ 
ant material comprising the shallow soils of the study 
area, there is considerable variation in the occurrence 
of peat, shells, silt, and clay. Color banding in sedi- 
ment layers was observed at every location. Shades of gray, 
brown, and black were the dominant colors. Layers would 
often contain two or more colors resulting in a mottled 
appearance. The darker colors (especially black) were 
usually associated with finer sediments and/or the presence 
of decomposing plant material. Hydrogen sulfide odor 
was detected in several bore holes, including all of those 
drilled on the edge of the island bordering the Indian 
River. The five bore holes drilled at site one indicate 
that soil profiles may vary considerably even over rela- 


tively short distances. 
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2. Chemical Analyses 


The results of chemical tests performed on the 
bore hole samples are shown in Table 1. The data indicate 
that shallow groundwater on Merritt Island is highly 
variable with regards to concentrations of the major 
ionic constituents. | 

As shown in Table 1, the pH of shallow groundwater 
was very low at two sites (about 4.5 at site Bl4 and 5.0 
at site B12). Hem (1970) states that most groundwaters 
in the United States have pH values from 6.0 to 8.5. Most 
of the samples in this study were in the pH range 6.1 to 
7.0. The samples with very low pH occurred in an area of 
the island described by Brown and Hyde as containing "acid" 
groundwaters. 

Concentration of sodium ion ranged from 14 mg/l 
at site B16 to 5,840 mg/l at site Bl. Six sites had con- 
centrations over 1,000 mg/l while seven sites céOntained 
less than 100 mg/l sodium. Calcium concentration was 
lowest at site B14 (17 mg/l) and highest at site Bl (384 
mg/l). Six sites contained calcium in amounts less than 
70 mg/l and six sites were in the range 100-200 mg/l. 
Magnesium ranged from 5 mg/l at site B14 to 715 mg/l at 
site Bl. Most sites contained less than 100 mg/l magnesium. 
The highest magnesium values seemed to be associated with 


the highest calcium values. 


TABLE 1 - RESULTS OF CHEMICAL ANALYSES OF SAMPLES OBTAINED FROM BOREHOLES (RESULTS IN MILLIGRAMS PER LITER 
(mg/1) EXCEPT FOR TEMPERATURE AND pH.) 


DEPTH TEMP _ FILTRABLE 
SITE APPROX °C pH Nat Catt = Mg t¥ cl” S04” HCO3 DISSOLVED 

(ft.) SOLIDS 
Bl 4.4 27.7 7.02 5,840 348 715 = 10,490 710 1,200 20,700 
B2 5.4 27.4 6.28 4,130 235 505 7,480 657 785 15,300 
B3 6.6 26.6 6.70 1,430 35 86 2,160 7 572 4,700 
B4 5.6 28.8 6.76 185 59 73 139 72 751 1,020 
BS 5.4 27.4 5.80 69 50 7.6 “ 95 1.0 162 534 
B6 4.4 28.0 6.97 1,650 176 127 2,430 240 808 5,610 
B7 3.1 26.5 6.50 54 129 7.9 156 9.5 434 528 
B8 4.0 28.1 6.76 24 108 26 55 7.5 387 470 
B9 4.7 27.2 6.50 840 70 155 1,450 121 609 3,460 
B10 2.3 28.2 6.60 500 204 56 955 2.6 662 2,540 
B11 1.7 27.0 6.60 19 111 5.3 70 4.4 281 470 
B12 5.1 © 29.0 5.02 25 40 5.3 105 2.2 101 272 
B13 5.2 27.4 6.86 1,550 110 151 2,490 282 275 5,390 
B14 | 7.0 26.8 4.51 33 17 50 111 16 ~ 350 
B15 2.5 28.3. 6.10 2,390 238 222 4,110 55 677 8,570 
B16 3.2 29.2 6.88 14 127 9.2 91 124 252 487 
B1(30) 3 fs = - 562 1,210 18,800 781 - - 
B1(50) 2.5 = = - 460 1,010 12,200 1,300 - - 
B1(75) 6.9 7 = ” * 304 581 8,580 1,180 ~~ = - 
B1(100) 3.0 - F - 194 77 624 678 - - 
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The anions chloride, sulfate, and bicarbonate also 
had wide concentration ranges. Chloride ranged from 55 
mg/l at site B8 to 10, 490 mg/l at site Bl. Sulfate was 
highest at site Bl (710 mg/l) and lowest ee-ette B5 (1 mg/l). 
Site Bl also had the highest bicarbonate concentration 
(1,220 mg/l) while site B12 had the lowest (101 mg/l). 
Alkalinity was not measured at site Bl4, however (presence 
of color and fine suspended matter interfered uiek the 
field procedure). Based on considerations of pH and the 
dissociation of dissolved carbon dioxide species (Hem, 1970) 
the low pH at site B14 (4.5) probably indicates that this 
site was actually the lowest in terms of bicarbonate 
concentration. 

The distribution of dissolved solids in the study 
area appears similar to that for the major ionic consti- 
tuents. Site Bl had the highest concentration (20,700 mg/1) 
while site B12 had the lowest (272 mg/l). As with the 
ionic components this represents a considerable range of 
concentration. The areal distribution of dissolved solids 
is shown in Figure 10. ° It is clear that the sites with 
greater than 1,000 mg/l dissolved solids occur at or near 
the edges of the island while the sites containing ees 
than 1,000 mg/l are more centrally located. A line separat- 
ing these two regions includes virtually all of the impounded 
areas as well as some of the island interior. The line 


cannot be taken to indicate that all of- the groundwater 
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within the cross-hatched area contains over 1,000 mg/l 
dissolved solids. It does indicate the area of the island 


where groundwater of high concentration may be expected. 


B. Data Obtained from the Well Sites 


l. Site one 

Results of the analyses performed on samples ob- 
tained from wells and surface water bodies are given in 
Table 2. When the results from site 1 are displayed with 
time, the resulting hydrographs (Figures 11-17) permit 
easier visualization of the data. The following pre- 
sentation is based on the hydrographs. 

The first hydrograph (Figure 11) depicts chloride 
concentration during the study period. In the impoundment 
(1-I) chloride initially decreased then increased steadily 
until a maximum concentration of 21.5 grams/liter was 
reached on May 21. This was followed by a steady decrease 
until June 20 and a rise during the final sampling period. 
The difference between highest and lowest observed con- 
centrations was about 7 grams/liter. The difference could 
be greater than (but not less than) 7 grams/liter because 
the sampling procedure allows measurement only of net 
changes during a sampling interval. This must be remem- 


bered when considered data from any of the hydrographs. 


TABLE 2 - CHEMICAL ANALYSES OF WATER FROM SHALLOW WELLS AND SURFACE-WATER BODIES ON MERRITT ISLAND 


Analyses in milligrams per liter except temperature and pH. 


DATE OF CHLORIDE CALCIUM MAGNE SIUM PHOSPHATE SULFATE 
LOCATION COLLECTION TEMPERATURE pH (cl) (Ca) (Mg) (P04) (S04) 
1-1 3/28/73 23.0 - 18, 800 - - - - 
1-2 " 23.0 - 14,530 = - - ‘ 
1-3 " 22.8 - 10,400 - - _ - 
1-4 " 22.3 - 14,840 - - ~ - 
1-5 " 21.5 - 15,480 - - - - 
1 - 6 nm 22-1 - 15,060 - - - - 
1-1 " 25.0 - 14,890 a - _ - 
1-1 4/06/73 24.0 7.09 18,140 - - sy. - 
1-2 u 23.7 6.88 15,290 - - - - 
1-3 " 24.0 6.61 - - - - - 
1-4 e 24.1 6.90 14,770 - - - - 
1-5 ds 23.2 Tit 15,480 - - - - 
1 - 6 i 23.8 6.85 14,550 - - - - 
1-1 0 25.8 7.63 14,480 - - - - 
1-1 4/13/73 24.0 7.24 17,920 550 1,210 - - 
1-2 " 23.8 7.17: 15,350 660 1,100 - - 
1-3 e 23.1 6.90 10,050 390 690 | - - 
1-4 i 23.8 7ii2 14,830 700 1,060 - - - 
1-5 is 22.9 7.43 15,440 530 1,130 - - 
1-6 ts 23.4. < 7.21 14,580 600 1,070 - - 
1-1 n 24.0 7.63 15,170 420 1,000 - - 
1-1 4/23/73 23.6 7.18 18,900 540 1,220 0.7 - 
1-2 " 22.5 7.11 16,080 630 1,140 2.9 - 
1-3 se 23.2 6.85 10,700 380 720 4.2 - 
1-4 su : 22.9 7.15 15,210 720 1,040 4.6 - 


Ze 


Table 2 (cont. 


DATE OF CHLORIDE CALCIUM MAGNESIUM PHOSPHATE SULFATE 
LOCATION COLLECTION TEMPERATURE pH (C1) (Ca) (Mg) (P04) (S04) 
1-5 4/23/73 23:3 7.31 16,000 520 1,140 8.0 - 
1 - 6 i" 22.9 7.34 15,000 580 1,070 3.4 - 
1-1 " 28.8 7.82 17,030 450 1,080 0.2 - 
1-1 5/07/73 23.3 7.44 18,500 530 1,270 3.1 - 
1-2 a 22.8 7.55 15,890 650 1,160 4.4 - 
1-3 m 22.5 7.18 11,200 390 790 6.5 - 
1-4 b 22.9 7.43 15,160 670 1,110 5.2 - 
1-5 i 23.0 7.61 15,580 540 1,140 6.1 - 
1 - 6 i 227 7.68 14,720 560 1,110 6.3 - 
1-1 " 24.4 8.03 10,060 490 1,280 2.3 - 
1-1 5/21/73 26.8 6.93 18,830 530 » 2,220 2.4 - 
L's2 i 25.7 7.10 15,830 650 1,120 1.7 - 
1-3 au 26.5 6.79 11,380 390 800 1.5 - 
1-4 3 26.8 7.19 15,310 660 1,090 2.1 - 
1-5 v 27.1 7.10 14,630 510 1,090 10.3 - 
1 - 6 " 25.8 7.36 14,930 570 1,100 2.4 - 
1-1 " 32.6 7.03 24,510 550 1,410 0.2 - 
1-1 6/04/73 26.0 6.87 18,340 500 1,200 1.5 - 
1-2 " 25.0 7.03 16,000 650 1,130 1.8 - 
1-3 # 25.5 6.74 11,120 380 780 1.4 - 
1-4 n 24.8 6.95 15,330 670 1,100 «. - - 
1-5 a 25.2 7.15 15,360 520 1,100 8.0 - 
1 - 6 i 24.8 ° 7.06 15,430 620 1,180. 2.2 - 
1-1 . 26.0 6.68 19,720 500 1,290 0.5 - 
2-1 6/04/73 26.7 7.61 9,130 280 480 1.0 - 
2-2 " 25.2 6.88 9.110 280 480 2.2 - 
2-3 iy 27.8 6.90 10,060 320 530 2.0 - 
2-1 ws 25.9 8.40 9,020 260 470 0.8 - 
2- IR i 27.9 7.42 16,770 430 910 0.5 - 
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Table 2 (cont. 
CHLORIDE CALCIUM MAGNE SIUM PHOSPHATE SULFATE 


LOCATION COLLECTION TEMPERATURE pH (C1) (Ca) (Mg) (P04) ($04) 
3-1 6/04/73 25.7 7.02 780 38 34 0.5 - 
9-22 " 25.5 7.10 920 26 29 1.7 - 
3-3 . 2757 6.73 14,500 370 79 1.4 - 
9a " “97.6 7.35 730 34 34 0.5 “ 
3 - IR " 29.5 7.56 16,240 39 830 0.3 - 
ea " 27.0 6.92 18,500 42 1,000 242 2 
4-2 " 26.1 7.35 17,350 410 940 3.2 7 
4-3 " 27.0 7.71 17,500 400 950 1.0 » 
4 - ML " 29.1 7.81 17,520 400 970 0.3 - 
caer 6/04/73 28.9 6.93 210 85 13 1:0 - 
5-2 " 24.5 7.55 120 90 | 11 0.4 - 
5 -P " 30.6 6.94 110 92 9 0.8 - 
ae 6/20/73 26.7 6.98 19,970 550 1,320 0.6 - 
eee " 25.6 7.13 16,110 650 1,140 1.7 - 
1-3 " 26.8 6.70 10,930 390 770 2.4 - 
1-4 " 25.9 6.94 15,490 700 1,110 2.7 - 
1-5 " 26.2 7.06 15,650 570 1,100 5.5 es 
1 - 6 " 26.7 7.02 15,540 650 1,160 1.9 = 
1-1 " 30.4 6.71 - 18,000 460 1,170 0.2 - 
2-1 6/20/73 270 Teal 8,320 260 530 0.1 - 
2-2 " 26.6 7.11 9,360 260 610 1.0 - 
2-3 " 272 7.42 9 800 300 620 0.0 - 
2a I " 29.0 7.78 8,330 250 510 0.0 - 
2 - IR " 29.3 7.52 14,090 390 910 0.0 - 
3-1 " 25.9 7.27 730 30 36 0.5 - 
3-2 " 26.3 7.16 840 22 34 2.9 - 
3-3 " 28.2 7.74 3,870 110 230 2 s 
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Table 2 


LOCATION 
ae & 
3 - IR 
4-1 
4 - 2 
4 - 3 
4& - ML 
5-1 
5-2 
5 -P 
1-1 
1-2 
1-3 
1-4 
1-5 
1-6 
1-1 
2-1 
2-2 
2-3 
2-1 
2 - IR 
3-1 
3-2 
3 - 3 
3-1 
3 - IR 
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Table 2 (cont. 
CHLORIDE CALCIUM MAGNESIUM PHOSPHATE SULFATE 


LOCATION COLLECT ION TEMPERATURE . pH (cl) (Ca) (Mg) (PO, ) ( S04, ) 
oa | 7/03/73 28.9 7.69 17,580 440 1,130 4,2 2,570 
Ip 52 " é : e - - : - 
4-3 29.0 7.37 17,310 410 1,100 9.0 2,540 
4 - ML " 31.8 7.51 18,560 420 1,190 8.2 2,720 
5-1 " 29.0 7.86 110 95 9.9 5.2 28 
5-2 " 26.1 7.90 120 96 8.6 0.7 61 
5-P " 33.2 7.30 120 93 9.0 6.1 71 
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Cl™ Concentration g/l 
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Figure 11 - Hydrograph of Chloride Concentration 
at site 1 for three months during 1973 
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It is clear from Figure 11 that all of the wells 
were more constant in chloride content than the impound- 
ment. There was considerable variation from one well to 
another, but for any single well the chloride composition 
remained relatively constant with time. Well 1-1 had the 
highest concentration of any well. It is also located 
closer to the impoundment than any other well. Wells 
1-2, 1~4, 1-5, and 1-6 were all very similar in chloride 
content, with concentrations about midway between those 
of well 1-1 and well 1-3, which had the lowest concentra- 
tions. Wells 1-1 and 1-3 are physically quite close to 
one another (Figure 5), but have a large difference in 
chloride concentration. This suggests the presence of 
some sort of unusual circumstance in this region (i.e. 
at the edge of the impoundment). 

Well 1-3 appears to be unusual in another respect. 
It appears to be the only well in which concentration changes 
reflected the concentration changes that occurred in the 
impoundment during the same sampling interval. 

The hydrograph for calcium concentration (Figure 12) 
shows many of the same relationships. Over the same time 
period as that for chloride, calcium concentration in the 
impoundment experienced Similar increases and decreases, 
with the maximum concentration observed on May 21. Calcium 
composition was also more constant through time in the 


wells than in the impoundment. Well 1-3 again had the 


catt Concentration mg/1 
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Figure 12 ~ Hydrograph of calcium concentration at 
site 1 for three months during 1973 
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lowest concentration and was the only well to exhibit a 
peak concentration at the same time as the impoundment. 

The calcium hydrograph shows that most of the 
wells had generally higher calcium concentrations than 
the impoundment. This was not true for chloride. Further- 
more, the highest calcium concentrations were found in 
the deeper wells (1-2, 1-4, and 1-6). 

As with chloride, concentration increases or 
decreases in one well were not necessarily accompanied by 
similar increases or decreases in other wells. Thus there 
does not appear to be any process that influences these 
concentrations that acts uniformly in all wells at the 
same time. 

The hydrograph for magnesium (Figure 13) appears 
“most similar to that for chloride. The impoundment had 
the highest recorded concentration (again on May 21), well 
l-1 had the highest of the wells, well 1-3 the lowest, 
while wells 1-2, 1-4, 1-5, and 1-6 were very similar in 
concentration. All wells were more constant through time 
than the impoundment. Changes in magnesium concentration 
in one well were not associated with similar changes in 
other wells. Well 1-3 was again the only well to show 
general increase and decrease in conjunction with in- 
crease and decrease in the impoundment. 

It should be noted that the values reported for 


magnesium on June 4 were calculated after averaging the 
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Figure 13 - Hydrograph of Magnesium Concentration 
at Site 1 for Three Manths During 1973 
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amounts of titrant needed to titrate a standard magnesium 
solution for the other sampling dates. An error was dis- 
covered in the magnesium standardization for the June 4 
samples, necessitating the above recovery procedure. 

The hydrograph for phosphate concentration (Figure 
14) appears quite different from the others presented. The 
impoundment in this case had the lowest concentrations. 
Excluding well 1-5 for the moment, it appears significant 
that the increase in early May followed by a sharp decline 
and leveling at low concentrations occurred uniformly, i.e. 
in all wells at the same time. This was not observed for 
any of the constituents previously discussed. 

Well 1-5 did not follow the pattern set by other 
wells although its hydrograph may indicate a lag of about 
two weeks for some process that had earlier affected the 
other wells. Another explanation is favored, however, and 
involves the difficulty encountered when sampling this 
wea The level of water in well 1-5 was only a few 
“inches above the bottom of the well where sediment had 
moved through the holes in the well casing and accumulated. — 
In the process of removing water from this well the sedi- 
ments were necessarily disturbed. According to Standard 
Methods (p. 521) agitation such as this could cause desorp- 
tion of orthophosphate from suspended particles, leading 


to anomalous results. 


PO, 2 Concentration mg/1 
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Figure 14 - Hydrograph of Phosphate Concentration 
at Site 1 for Three Months During 1973 
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Mean and standard deviation, along with standard 
deviation expressed as per cent of the mean, are shown in 
Table 3 for all measured ionic constituents at site one. 
The higher variability of the impoundment, relative con- 
stancy of groundwater concentrations in a given well and 
extreme variability of phosphate concentrations are all 
indicated by these data. 

Groundwater temperatures during the study period 
(Figure 15) ranged from a low of 21.5°C (well 1-5) on 
March 28 to 28.5°C on July 3 (well 1-3). The temperature 
hydrograph shows that most of this general increase occurred 
during the interval May 7 - May 21. This rather sharp 
increase consisted of a three to four degree (°C) rise 
in all wells. Temperature changes in the wells were uniform 
in that increase or decrease in groundwater temperature 
occurred simultaneously in all wells. As with ionic con- 
centrations the impoundment was more variable than ground- 
water. Impoundment temperature was consistently higher 
than that of adjacent groundwaters. 

The hydrograph for pH at site one (Figure 16) 
indicates that changes in pH were also generally uniform. 
The range of pH encountered at site one was from 6.6 (well 
1-3) to about 7.5 (well 1-6). The pH rose early in the 
study period (until May 7), after which a relatively sheep 
decrease occurred (May 7 - May 21). The pH remained about 


the same for a month (May 21 - June 20) then began to rise 


TABLE 3 - MEAN, STANDARD DEVIATION, AND STANDARD DEVIATION AS PERCENT OF MEAN FOR IONS AT SITE 1 
DURING THE STUDY PERIOD 


| Cl7g/1 : Mettmg/1 
SAMPLE MEAN STANDARD AS % "SAMPLE MEAN STANDARD AS % 
DEVIATION OF MEAN DEVIATION OF MEAN 
1-1 18.91 0.93 4.9 1-1 1,256 59 4.7 
1-2 15.75 0.62 3.9 1-2 1,134 19.9 1.8 
1-3 10.86 0.45 4.1 1 - 3 760 40 5.3 
1-4 15.15 0.27 1.8 1-4 1,086 26.4 2.4 
1-5 15.47 0.36 2.3 1-5 1,114 21.5 1.9 
1 - 6 15.03 0.38 2.5 1 - 6 1,117 42.3 3.8 
1-1 17.72 2.48 14.0 1-1 1,214 140 11.5 
Cattng/1 P0473mg/1 
SAMPLE MEAN STANDARD AS % SAMPLE MEAN STANDARD AS % 
DEVIATION OF MEAN — DEVIATION OF MEAN 

he 537 19.8 307 1-1 1.52 1.03 67.8 
1-2 644 14.0 2.2 1-2 2.20 0.61 27.6 
1-3 386 5.3 1.4 1-3 2.85 2.11 74.1 
1-4 686 21.5 3.1 1-4 3.38 1.42 42.0 
1-5 536 22-5 4.2 1-5 7.08 2.08 29.4 
1 - 6 603 35.0 5.8 13.6 2.98 1.73 58.0 
L-1 483 47.5 ° 9.8 1-1 0.67 0.82 122. 


cb 
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April May June 


Figure 15 - Hydrograph of Temperature at Site One 
For Three Months During 1973 
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April May June 


Figure 16 - Hydrograph of pH at Site 1 for 
Three Months During 1973 
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during the final sampling interval. The impoundment was 
again more variable than the groundwater and had a pH 
range from 6.7 to 8.0. 

The hydrograph of depth to water in wells (Figure 17) 
shows a steady decline in water levels until May 21. Water 
level then rose until June 20, after which the level de- 
clined during the final sampling interval. Water levels 
were found to be generally higher in the deeper wells 
although the level in shallow wells could temporarily 
rise above that of deeper wells (June 20). 

Because the effects of rainfall and evaporation 
were thought to be important influences on water levels 
and ionic concentrations, daily rainfall measurements were 
obtained from the Space Flight Meteorology Group of the 
National Weather Service at Kennedy Space Center. These 
data are presented in Table 4. The rain gage for these 
measurements was located at the Space Center Industrial 
Complex (Figure 4). Since the rainfall data were recorded 
several miles from the well site, the data do not indicate 
exact rainfall at the site. Data for the months: prior to 
the study period were obtained for reasons to be explored 
later. | 

Some of the effects of rainfall and evaporation 
are suggested in Figure 18. Daily rainfall appears as 
a bar graph at the bottom of the figure, while water level 
and chloride concentration of the impoundment at site l 


are shown as hydrographs. It may be seen that early May 
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Figure 17 - Hydrograph of Depth to Water 
in Wells at Site l 
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TABLE 4 - RAINFALL IN INCHES AS RECORDED BY THE NATIONAL WEATHER 
SERVICE AT KENNEDY SPACE CENTER. 


Those days not listed had either no rain or less than .01 inches. 
Monthly totals are in parentheses. 


DATE AMOUNT DATE AMOUNT 
1/10/73 32 3/29/73 48 (3.92) 
1/11/73 - 88 
1/12/73 1.42 4/01/73 13 
1/22/73 .50 4/04/73 -450 
1/23/73 2.10 4/08/73 sad 
1/24/73 .08 4/26/73 -42 (1.42) 
1/27/73 .18 
1/28/73 -40 : 5/08/73 08 
1/29/73 02 5/09/73 . 06 
1/30/73 -O1 (5.91) 5/24/73 02 

5/25/73 ~35 
2/02/73 32 5/29/73 -49 
2/03/73 04. 5/30/73 -60 (1.60) 
2/09/73 «55 
2/10/73 «17 6/07/73 -55 
2/15/73 -07 6/08/73 2.23 
2/18/73 625 6/14/73 «15 
2/19/73 .03 (1.33) 6/15/73 -20 

6/18/73 71 
3/02/73 «O05 6/21/73 «10 
3/09/73 65 6/30/73 1.50 (5.44) 
3/17/73 .37 
3/20/73 24 7/06/73 03 
3/25/73 2.10 7/09/73 -20 


3/26/73 03 


Chloride Concentration g/l 


Water level 
—---- Chloride 
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Figure 18 —- Hydrographs of Chloride Concentration, Water Level 
and Rainfall at Impoundment T-10-D (Site 1) 
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“ano relatively dry period and was associated with drop- 
ping water level and increasing chloride concentration. 
The rains of late May and June were associated with rising 
water levels and declining chloride concentration. The 
decrease in water level during the last sampling interval 
seems to indicate that the heavy rainfall (1.5 inches) on 


June 30 was not received at the well site. 
2. Wells and Surface Bodies at Sites Two Through Five 


The results of analyses from sites two through 
five are listed in Table 2. Since there is insufficient 
Gate to describe temporal relationships at these sites, 
the following sections will outline the results from a 


Single sampling run (July 3, 1973). 
3. Site Two 


The three wells at site two (Figure 6) were along 
a transect that cut across a mosquito control dike. The 
dike separated an impoundment (T-10-E) from the Indian 
River. 

On July 3, 1973 chloride concentration in the im- 
poundment was 9.37 g/l. Calcium concentration was 280 
mg/l, magnesium 550 mg/l, phosphate 0.6 mg/l, and sulfate 
950 mg/l. Concentrations in the Indian River were generally 
much higher nan enese in the impoundment. Chloride 
concentration was 15.92 g/l, calcium 430 mg/l, magnesium 


1,020 mg/l, phosphate 0.3 mg/l, and sulfate 2,330 mg/l. 
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Ionic concentrations in tievgrouidwates an the 
area of the dike were similar to those of the impoundment. 
Moving across the dike from the impoundment to the iver” 
chloride ion increased from 8.51 g/l (well 2-1) to 9.85 
g/l (well 2-3). Calcium increased from 280 to 320 mg/l, 
magnesium increased from 540 to 610 mg/l, and phosphate 
increased from 0.5 to 1.3 mg/l. Sulfate ion was the only 
constituent measured that did not increase in this direction 
across the dike. Sulfate concentration decreased from 890 
to 730 mg/l. 

The similarity in groundwater and impoundment con- 
centrations seems to indicate that impoundment water migrates 
through (or under) the dike in the direction of the Indian 
River. Well 2-3 was located 16 feet out from the edge of 
the river (Figure 6) yet Gente inca-waeer with concentra- 
tions similar to those of the impoundment. Groundwater 
flow in this direction was probably initiated by pressure 
differences due to the higher water level in the impound- 


ment (Figure 6). 


4. Site Three 

Site three was Suites £6 site two in that the 
three wells were along a transect across a mosquito con- 
trol dike that separated an impoundment (T-24-D) from 


the Indian River. The total distance involved was greater 


at site three (Figure 7). 
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Chloride concentration in the impoundment on 
July 3 was 680 mg/l (much lower than the two sites pre- 
viously considered). Calcium concentration was 27 mg/l, 
magnesium 33 mg/l, phosphate 0.5 mg/l, and sulfate 16 mg/l. 
River concentrations were much higher (phosphate ne only 
exception). Chloride concentration was 14.85 g/l, calcium 
370 mg/l, magnesium 950 mg/1, phosphate 0.7 sai and 
sulfate 2,320 mg/l. 

As with site two groundwater concentrations under 
the dike and the river edge were much closer to those of 
the impoundment. Moving across the dike in the direction 
of the river chloride concentration increased from 670 
mg/l (well 3-1) to 1,210 mg/l (well 3-3). Calcium con- 
centration increased from 27 to 35 mg/l, magnesium from 
34 to 59 mg/l, and phosphate from 0.6 to 11.3 mg/l. Sul- 
fate ion did not decrease through the dike as it had at 
site two. At site three it increased from 36 to 58 mg/l 
(sensitivity of the sulfate test at these low concentra- 
tions is questionable, however). 

These data also show the similarity of groundwater 
concentrations to those of the impoundment. A pressure 
gradient flow may also exist (at least during part of the 
year) at this site due to higher water levels in the im- 


poundment (Figure 7). 


55 


5. Site Four 


The series of three wells at site four extended 
from Mosquito Lagoon to the inland distance of about 
36 feet (Figure 8). The results presented from this site 
are those of June 20 because by July 3 the casing of well 
4-2 had been removed (probably vandalism). - 
A surface water sample from Mosquito Lagoon on 
June 20 had a chloride concentration of 17.02 g/l. Calcium 
concentration was 400 mg/l, magnesium 1,090 mg/l, and phos- 
phate 0.3 mg/l. Groundwater concentrations at this site 
were generally similar to those of the river. At well 
4-3 chloride concentration was 17.31 g/l, calcium 410 
mg/l, magnesium 1,110 mg/l, and phosphate 0.4 mg/l. 
Concentrations were lower in well 4-2 (except for 
phosphate). This well was slightly shallower than the 
others at site four (Figure 8) and was located near the 
edge of the lagoon. The situation was similar to that 
for well 1-3 at site one, which also had lower concentrations. 
Groundwater levels at site four were low (3.41 feet 
below ground surface in well 4-3 on July 3), at about the 
same level as the water in the lagoon. Thus in the 
absence of a pressure differential (such as that at sites 
two and three) groundwater flow (or possibly ionic migra- 
tion by diffusion) appeared to be directed inland during 


the study period. Presumably the lack of a persistent 
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pressure differential also accounted for the occurrence 
of highly saline water inland at site one. Groundwater 
levels at site one were also about the same as the level 


in the impoundment. 
6. Site Five 


Site five was located in about the middle of 
Merritt Island (Figure 4), well removed from saline sur- 
face water bodies. The two wells at this site were about 
24 feet inland from a small fresh water pond (Figure 9). 

On July 3 there was little difference in concen- 
trations of chloride, calcium, and magnesium between the 
pond and the two wells. As an example, the chloride con~ 
centration in the pond was 120 mg/l while it was 110 mg/l 
and 120 mg/l in wells 5-1 and 5-2, respectively. Phos- 
phate, however, was 6.1 mg/l in the pond, 5.2 mg/l in 
well 5-1, and 0.7 mg/l in well 5-2. Sulfate was also lower 
in wells than in the pond. Pond concentration was 71 mg/l 
while it was 28 mg/l in well 5-1 and 61 mg/l in well 5-2. 

Groundwater levels at site five were also about 
the same as the level in the surface water body, in this 
case the pond. On July 3 depth to water in well 5-1 was 
3.76 feet while it was 3.89 feet in well 5-2. Thus at 
site five there was little (if any) pressure aifterence 


that could generate groundwater flow. 
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7. ‘Trace Constituents 


Sample aliquots from all wells and surface water 
bodies from the June 4 sampling run were delivered to the 
Bendix Chemical Analysis Laboratory at Kennedy Space Center 
for atomic absorption and flame spectrophotometric analysis 


on many minor constituents of groundwater. The results 


of these analyses are given in Table 1 of Appendix A. The 


following discussion briefly summarizes these results. 
Copper, vanadium, and aluminum were never detected 
in amounts as high as 0.1 parts per million (ppm). Mercury 
had. a maximum concentration of .026 ppm (well 4-3) but was 
generally less than .01 ppm. Manganese was almost always 
less than 0.1 ppm and reached a maximum of 0.11 ppm in 
wells 1-1 and 2-3. 
Iron concentrations were less than 0.16 ppm in 
all wells and surface water bodies except well 4-1, where 
the concentration measured was 0.31 ppm. Zinc reached 
a maximum concentration of 0.28 ppm in the Indian River 
at site three (3-IR) but concentrations Wave generally 
between 0.1 and 0.2 ppm. Nickel achieved a maximum 
concentration of 0.31 ppm in well 4-2 although it was 
usually present in amounts less than 0.1 ppm. Strontium 
was present in higher quantities with the maximum at 
site one (10.5 ppm in well 1-4). Strontium averaged 
about 6 ppm at site two, 3 ppm at site three, 7 ppm at site 


four, and 1 ppm at site five. 
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Concentrations of these minor constituents were 
always in the lowest amounts at site five. As a general 
statement it seems that the highest concentrations of 
the trace constituents ere associated with ground and 


surface waters with high chloride concentrations. 
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V. DISCUSSION 


.A. General Chemical Character of the Shallow 


Groundwaters of Merritt Island 


The results presented for the analyses of samples 
obtained from bore holes indicate that a wide range of 
ionic concentrations is encountered in the shallow ground~ 
waters of Merritt Island. A simple classification scheme 
used by Davis and DeWiest (1966), based on concentration 
of dissolved solids, when applied to the current data 
indicates that the groundwater ranges from fresh (less 
than 1,000 ppm) to salty (over 10,000 ppm). Many sites 
contained water of brackish character (1,000 - 10,000 ppm). 
It was shown in Figure 10 that the brackish and salty 
waters occurred at the island margin and extended some 
distance landward. 

Other classification systems require data in the 
form of milliequivalents per.liter. Accordingly, the 
data from bore holes has been converted to this form 
(Table 5) using conversion factors presented by Hem (1970). 
These data may now ve used in a classification based on 
the dominant ions present (Davis and DeWiest, 1966). The 
Piper trilinear diagram (Figure 19). has been used for this 
purpose. In this diagram the per cent of total milliequi- 


valents per liter of the cations and anions are presented 


60 


in the triangular forms at the bottom of the figure. 
The central diamond-shaped form includes all ions. 

. It can be seen from Figure 19 that the two most 
common forms of the water may be classed as “sodium chloride" 
water and "calcium bicarbonate" water. The sodium chloride 
waters appear as a group near the right hand corner of 
the diamond shaped figure. Sea water plots at this apex 
(Hem, 1970). The sites included in this group were clas- 
sified as brackish or salty under the previous system. 

It thus appears that much of the groundwater of Merritt 
Island has an affinity for the composition of sea water, 
although diluted to some degree. 

The fresh waters of the island were dominated 
by the calcium and bicarbonate ions, although sodium and 
chloride were also significant in some of these samples. 
As the sediments of the nonartesian aquifer were deposited 
under marine conditions and shell material is common 
(Brown and Hyde, 1964) the prevalence of calcium and car~ 


bonate species in the fresher waters might be expected. 
1. The Influence of Surface Water Bodies 


It is reasonable at this point to consider a 
possible source of the salts that occur in much of the 
island's groundwater. The Indian River is a lagoonal sys- 
tem with salinities commonly in the range 20-30 parts per 


thousand (Nevin, et. al., 1973). As mentioned previously, 


TABLE 5 - RESULTS OF CHEMICAL ANALYSES OF BORE HOLE SAMPLES EXPRESSED AS MILLIEQUIVALENTS PER LITER 
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Figure 19 - Trilinear Plot of 
Groundwater Samples 
Obtained from Bore 
Holes 


(per cent of total milli- 
equivalents per liter 


Cations Anions 
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Brown and Hyde (1964) noted that much of the low-lying 
western section of the island consisted of creeks and 
marshes with water exchange with the river. It is thus 


likely that a significant portion of that area came into. 


- contact with saline river water as an adjacent surface 


water body. 

It has been shown by this study that groundwaters 
in proximity to surface water bodies have chemical charac- 
teristics very similar to those of the surface water bodies 
(for at least part of the year). Actual flow is probably 
responsible for this at sites two and three (due to water 
level differences across the dikes) although no such assump- 
tion can be made for sites one, four, and five. Low water. 
table levels were observed at these sites, however, so 
flow cannot be neglected as a possibility. In any case 
the mechanisms that accounted for similar chemical char- 
acteristics in the present study, if operative in past 
geological times, could account for relatively high salt 
concentrations in those areas of the island once in proxi- 
mity to saline surface water bodies. 

Further evidence for the "marine" origin of the 
salts is obtained through examination of the chloride- 
bicarbonate ratio, as suggested by Revelle (1941). He 
stated that an increased ratio can be indicative of the 
presence of sea water. The chloride-bicarbonate ratios are 


presented in Figure 20 as the upper figure in each pair. 
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Higher ratios are found near the island margin, covering 
an area roughly the same as the area with dissolved solids 
of greater than 1,000 mg/l (Figure 10). Calcium-magnesium 
ratios are included in Figure 20 as they show an opposite 
relationship, with lower ratios in the more salty waters. 
These data suggest that a comparison of the chloride- 
bicarbonate ratio with the calcium-magnesium ratio might 
prove to be a useful index. A combined ratio yields a 
value greater than one for salty waters and less than one 


for the fresher waters. 


B. The Variation In Chemical Characteristics With Time 


The hydrographs depicting chloride, calcium and 
magnesium at site one (Figures 11-13) were shown to indi- 
cate that while ionic concentrations varied considerably 
in the surface water body, concentrations remained rela- 
tively constant in the wells. Although there was a definite 
difference in concentrations from one well to another, for 
any single well the concentrations did not vary much with 
time. 

The variations that did occur were not consistent 
from one well to another. That is, an increase or decrease 
in one well was not necessarily associated with an increase 
or decrease, respectively, in other wells. . Such was not 


the case for phosphate, temperature, and pH values. For 
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each of these three parameters fairly uniform changes took 
place (in time) in all wells. It appears important, there- 
fore; to try and account for Ghosssshaneus especially since 
they were not observed for any of the measured major ionic 
constituents. 

The generally increasing trend in groundwater tem- 
peratures (Figure 15) was probably due to a seasonal increase 
in air temperatures and coincident increased insolation of 
the soil as time passed from spring into summer. Rainfall, 
or the lack of rainfall, may have been important in deter- 
mining the manner in which a seasonal temperature increase 
was manifested in temperature increase of the groundwater. 
The sharp temperature increase from May 7 to May 21 was 
accompanied by very low rainfall (Table 4), while the de- 
cline after May 21 may have been due to cooling effects 
of heavy rains in late May (Table 4). 

The changes of pH in time were also remarkably 
consistent (Figure 16). The sharp decline that occurred 
in mid-May coincided with the dramatic rise in groundwater 
temperatures. Although pH varies with temperature it does 
not seem likely that the temperature increase could have 
accounted for the observed magnitude of pH decrease. Pub- 
lished data (Chemical Rubber Company, Handbook of Chemistry 
and Physics, 53rd ed., 1972) for some phosphate buffer 
compounds indicate that a ten degree (°C) rise in temper- 


ature accounts for a pH decrease of only .03 pH unit. In 
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this study the temperature rise was 3--4°C while the pH 
decrease ranged from 0.4 to 1.0 pH units. 

Phosphate concentrations (with the exception of 
well 1-5) also exhibited an abrupt decrease during the 
May 7 - May 21 sampling interval. It is unlikely that 
this was due to a solubility dependence on pH because 
phosphate compounds become more soluble under acid condi- 
tions (Handbook of Chemistry and Physics). Thus from 
solubility considerations the lower pH should have resulted 
in higher phosphate concentrations, but the Genesis (lower 
phosphates) was observed. 

From the preceding it is difficult to explain the 
observed changes in pH and phosphate based on physical 
factors alone. Since phosphate is an important biological 
nutrient material and may serve as a limiting factor in 
many situations (Odum, 1971) a biological approach was 
considered, which might account for the results. 

While a temperature rise of 3-4°C is small when 
esnsiaerine physical effects, such an increase could assume 
great importance biologically based on the effects of tem- 
perature on biochemical reaction rates (Lehninger, 1970). 
As an assumption, if a ten degree rise can be said to 
double reaction rates (Lehninger, 1970) then a 3-4°C rise 
could increase rates as much as 30 to 40 per cent. If 
the increased rates indesasea plant growth (which 


requires phosphate as a nutrient) then-a possible 
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mechanism for explanation of reduced phosphace levels 
would be at hand. 

A biological approach also offers an explanation 
for the decline. in pH values that accompanied the temper- 
ature increase. If the temperature rise stimulated rates 
of bacterial metabolic activity then an increased flux of 
carbon dioxide released into the groundwater might be 
expected. According to Skirrow (1965), carbon dioxide 
takes part in an equilibrium in aqueous solution depicted 


by the following: 


2- 


H,0 + COp =3H2C03 @3HCOZ + HY eaCOZ + 2H". 


An increase in carbon dioxide drives the reactions toward 
the right, thereby increasing the hydrogen ion concentra- 
tion and reducing the pH (Skirrow, 1965). Equilibrium 
concepts in the carbon dioxide system are quite complex 
(Skirrow, 1965) so a more specific statement would not be 
practical. 

Following the period of rising temperature and 
declining phosphate and pH values, an increase in the amount 
of algae at the shore of impoundment T-10-D was apparent 
(personal observation). When sampling the impoundment 
on June 4 algae had to be pushed aside in order to fill 
the sample bottle, whereas this had not .been necessary 
on previous dates. Unfortunately the algae was not iden- 


tified nor were relative amounts present quantified. 
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Most algal species require inorganic nutrients 

and certain organic compounds for growth (Jackson, 1968). 
It is possible that the relatively high rainfall of late 
May (Table 4) was vebpongibie for draining the soil at the 
edge of the impoundment of nutrient substances, which in 

turn promoted the increased algal growth. 

The preceding has necessarily been of a specula- 
tive nature because the data are incomplete and therefore 
inconclusive. No biological influences can be proved. 

The data are only suggestive of such an influence, as 
alternative hypotheses appear even less adequate in attempts 
to account for the observations. The waCOee OE the problem 
is not insignificant, however, for at hand may be mechanisms 
involved in certain types of “algae blooms." For this 
reason it is the opinion of this investigator that further 
study into these problems is warranted. Important consider- 
ations in this area include the response of groundwater 
temperature to seasonal temperature change and rainfall 
distribution in time, the response of soil bacteria to 
temperature change in their environment, and the response 

of algae and other plants to changes in temperature and 


bacterial activity. 


C. The Influence of Rainfall on Ionic Concentrations 


The basic influence of rainfall (and evaporation) 


was indicated earlier in Figure 18. Periods of high 
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rainfall (rainfall exceeding evaporation) were associated 
with declining ionic concentrations while periods of low 
rainfall (evaporation exceeding rainfall) were associated 
with increasing concentrations. This section will treat 
the problem more rigorously and discuss an additional 
feature as well. 

In order to more precisely determine the nature of 
the influence of rainfall a correlation of rainfall during 
a sampling interval with change in chloride concentration 
during the interval was performed for impoundment T-10-D. 


The data used for this correlation are given in Table 6. 


Table 6 - Total Rainfall and Chloride Concentration 
Changes During Study Period Sampling Intervals 


Sampling Interval A [Cl] mg/l Rainfall (in.) 
3/28 - 4/5 -410 1.11 
4/6 - 4/12 +690 0.37 
4/13 ~ 4/22 +1860 0 
4/23 ~ 5/6 +2030 0.42 
5/7 = §/20 +2450 0.14 
5/21 - 6/3 -1790 1.46 
6/4: - 6/19 -1720 3.84 
6/20 - 7/3 +1620 © 0.10 


The results of the correlation are shown in Figure 21, 
which has a correlation coefficient (r) equal to -0.82 


(rx? 


= 0.66). The intercept of the regression line 
(obtained by least squares method for small sample sizes) 
with the axis for rainfall indicates that about one and 


a half inches of rain in a sampling interval are required 


for the concentration to remain stable (i.e. A[Cl7] = 0). 


Af{Cl”] mg/l 
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Figure 21 - Correlation of Rainfall with Change in Chloride 
' Concentration in Impoundment T-10-D at Site One 
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Similar results were obtained when rainfall was 
correlated with the changes in calcium and magnesium con- 
centrations during a sampling interval (Figure 22). The 
intercepts of these regression lines also indicate that 
about 14 inches of rain are required every 1-2 weeks for 
stable concentrations. 

When the preceding correlations were examined 
it was observed that a stronger correlation would be ob- 
tained if it were assumed that the rainfall of 2.23 inches 
on June 8 as recorded at the weather station was not re- 
ceived at the well site. A correlation was then performed 
that excluded this amount (Figure 23). The correlation 
coefficient in this instance was much stronger (r = -0.95, 
r? = 0.91). This is admittedly a dangerous technique 
(especially when so few sample points are tavolved) but 
the results are interesting and there is some evidence 
that rainfall in the Merritt Island area is unevenly dis- 
tributed (as will be shown later). 

The effects of rainfall on concentrations in the 
groundwater were harder to discern. This was presumably 
because the wells at site one penetrated the saturated 
zone to a depth below that at which highly saline water 
was encountered. Rain percolating through the soil at 
this site would be inhibited in downward movement when it 
reached the denser salt water, thereby delaying (or perhaps 


eliminating) observation of dilution effects of rainfall. 


Atcatt] and A[{Mgtt] mg/l 
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Figure 22 - Correlation of Rainfall with Change in 
Concentration of Calcium and Magnesium 
in Impoundment T-10-D 
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To investigate this problem. the change in chloride 
concentration in well 1-1 during a sampling interval was 
correlated with rainfall recorded during a corresponding 
interval 60 days earlier. The figure of 60 days was 
selected because the hydrographs for chloride, calcium, 
and magnesium (Figures 11-13) show an increase for well 1-1 
that follows the increase in the impoundment by 60 days. 

Following the above procedure the correlation 
presented as Figure 24 was obtained. The correlation coef- 
ficient (r = -0.5l1, yr? = 0.26) in this case is weaker than 
that obtained from the previous correlations, but the in- 
fluence of a single major rain storm is much more evident. 
A second correlation (Figure 25) was performed and did not 
include the rainfall of 2.1 inches on March 25 that was 
received at the weather station. The correlation coeffi- 
cient (r = -0.85, r? = 0.72) indicates a much stronger 
relationship when the assumption is made. 

It has been shown in the preceding discussion that 
stronger correlations of rainfall and concentration changes 
are obtained when it is assumed that a large rainfall 
received at the weather station was not received at the 
well site. Two questions immediately arise from this. 
First, what is the validity of the assumption? Secondly, 
what are the implications? 

There is good evidence that at least one major 


rainfall occurred at the weather station and not at the 
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Figure 23 - Correlation of Rainfall with Change in 
Chloride Concentration of Impoundment 
T-10-D, Excluding the Heavy Rain on 
June 8, 1973 
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Figure 24 - Correlation of Chloride Concentration 
Change in well 1-1 with Rainfall Received 
60 Days Prior to Observed Changes 
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Figure 25 - Correlation of Chloride Change in Well 1-1 
With Rainfall Received 60 Days Prior to 
Change, Excluding the Heavy Rain of 
March 25, 1973. 
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well site. It was noted in the discussion of Figure 18 
that a rainfall of 1.5 inches on June 30 was accompanied 

by declining water level and increasing chloride concentra- 
tion in the impoundment. The correlations presented in 
this section have indicated that a rainfall of at most 

1.5 inches is required for stable concentrations. Thus 

if the rainfall of June 30 had actually occurred at the 
well site there should have been little or no concentra-~- 
tion change. This is contrary to observation. The chloride 
increase during the interval in question was 1620 mg/l, 
very close to an expected change if no rainfall had 
occurred (Figure 21). 

That the weather station at the Space Center re- 
ceives higher quantities of rainfall than sueeounaing 
areas is also supported by data obtained from two other 
rain gages located farther south on the barrier island. 

A comparison of rainfall amounts from the Space Center 
weather station, Pan American weather station at Cape 
Canaveral City, and the weather station at Patrick Air 
Force Base is shown in Table 7. For each of the three 
dates of questionable rainfall (March 25, June 8, and 

June 30) the highest rainfall was recorded at the Space 
Center weather station. The probability of this occurring 
(assuming random rainfall distribution) is one chance in 


twenty-seven. 
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Table 7 - Rainfall Measurements at Three Weather 
Stations in the Area of Merritt Island 
for Three Selected Days of 1973 (Rain- 
fall in Inches) 


Kennedy Space Center Pan Am Station Patrick Air 
Date Industrial Complex Cape Canaveral, Fla. Force Base 
3/25 2.10 1.0 0.95 
6/8 2.23 1.68 1.12 
6/30 1.50 0.90 0.32 


Thus it appears that there is some validity in 
excluding rainfall on the above dates from the correlations. 
While total exclusion may not be most accurate (based on 
Table 7 the rain storms on the dates in question must have 
been fairly widespread) a significant reduction in amounts 
used for correlation does seem to be indicated. 

The implications of the assumption involving ex- 
clusion of rainfall on certain dates lie in the apparent 
nonrandom distribution of rainfall over the area. It 
appears that the weather station at Kennedy Space Center 
receives greater amounts of rainfall than nearby areas. 

The problem then involves a mechanism which would account 
for this. 

The industrial complex at the space center con- 
tains many concrete buildings and paved roads and parking 
lots. The concentration of concrete in the vicinity likely 
has characteristics of heat absorption and back radiation 
that are different from those of surrounding areas of 


vegetation. Thus it is conceivable that the industrial 


80 


complex has an effect on local weather conditions, possibly 
analogous to the "heat island" effect observed for cities. 

A possibly related phenomenon was observed while 
sampling from bore hole number 14 (Figure 3). A heavy 
rainstorm was observed approaching from the northwest and 
it was feared the sampling effort would soon be rained out. 
The storm passed to the west, however, and moved to the 
south following a course that roughly coincided with route 
3 (a four-lane highway). Personal communication with a 
local worker revealed that such movement of rainstorms is 
not uncommon. 

The above are indications that localized concen- 
trations of concrete and pavement may influence the pattern 
of rainfall distribution in the study area. If such is the 
case, then these areas are undoubtedly important from an 
ecological viewpoint. The abundance and areal distri- 
bution of rainfall is particularly important to various 
forms of vegetation (Odum, 1971). Further study of rain- 
fall distribution over the Merritt Island area would most 


likely provide very useful information. 
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VI. CONCLUSIONS 


Most sediments consist of fine sand although variable 
amounts of peat, clay, silt and shells are common. 

Profiles appear generally banded with shades of gray 
and brown. Hydrogen-sulfide odors may occur, and are 


mostly observed on the western side of island. 


Concentrations of major ionic constituents are quite 
variable on Merritt Island. Highest concentrations — 
are found in low-lying areas in proximity to surround- 
ing surface water bodies. Lower concentrations are 
found at higher elevations toward the center of the 


island. 


Groundwater concentrations are subject to.less variation 


(in time) than those of surface water bodies. 


Surface water bodies do influence immediately adjacent 
groundwater concentration. Presumably this effect will 
vary seasonally according to water levels, but during 
the present study groundwater concentrations close to 

a surface water body were more similar to those of 

the surface water body than groundwater elsewhere on the 


island. 


Differential water levels on either side of mosquito 


control dikes (lower in the river during this study) 
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creates groundwater flow through the dike directed 

toward the river. Groundwater concentrations in wells 
beneath the river contained water more similar in chemi- 
cal character to tae se the impoundment located across 


the dike than the water of the river. 


Ionic concentrations in wells may “vary with depth and 
distance from surface water bodies. Concentration 
changes in time are variable even among wells closely 
positioned to one SneeWEe, indicating slow groundwater 
movement and relatively small zones with water of a 
given concentration. Temperature and pH changes occur 


rather uniformly in shallow groundwater. 


Evidence was obtained with the Piper trilinear diagram 
and an examination of chloride-bicarbonate ratios that 
shallow groundwater near the island margin has an ionic 
composition closer to that of sea water than of typical 
fresh water. The calcium-magnesium ratio also proved 


useful in this regard. 


Rather uniform changes of pH and phosphate levels in 
shallow wells are difficult to explain based on physical 
considerations. A biological approach offers a reasonable 
(although highly speculative) explanation. The nature 
of the problem, however, is such that further research 


should be considered. 


10. 
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Ionic concentrations in surface water hoaxes (based 

on data from impoundment T-10-D) respond to relative 
amounts of precipitation and evaporation. When predi- 
pitation exceeds evaporation concentrations decrease 
while concentrations increase with evaporation exceeding 
precipitation. Correlations indicate that in spring 

and early summer about 14 inches of rain are required 
every two weeks in order to just balance evaporation 

and water loss out of an impoundment due to groundwater 


flow (when impoundment water levels are relatively high). 


When shallow groundwater contains high levels of dissolved 
material, rainfall that percolates through the soil 
appears to be inhibited in downward movements and pro- 
bably serves to dilute only the uposimmese region of the 


Saturated zone. 


2. 


4. 
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VII. RECOMMENDATIONS 


The importance of groundwater as a water source for 
vegetation, when combined with the disturbance of 
natural flow conditions caused by digging of drainage 
ditches and SuPOUname NE of certain areas for mosquito 
control, stresses the need for a more Seuscensnsive 
understanding of the Merritt Island groundwater. Of 
primary importance in this regard are he seasonal 


patterns exhibited in groundwater quality. A longer- 


‘term study would provide useful information for detec- 


tion of possible future alterations in the groundwater. 


A study of the minor groundwater constituents and con- 


taminants such as pesticides would certainly provide 


additional (and possibly quite important) information. 


The hypothesis that a rapid rise in groundwater temper- 
ature triggered a series of events leading tO increased 
algal growth in a surface water body requires testing. 
With adequate preparation (and cooperation from the 
forces of Nature) it is felt that the events could be 
accurately described and a causal relationship (if 


it exists) could be shown. 


A question also remains as to the areal distribution of 
rainfall in the area. If the natural situation has 


in fact been modified by the activities of man, then 
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the long-term consequences could be serious (at least 


to the presently existing plant associations). A study 
of areal rainfall distribution presents some problems, 
but if they were overcome the results of such a study 


could be extremely important. 


TABLE 1 - RESULTS OF MINOR CONSTITUENTS ANALYSES ON WELL SAMPLES OBTAINED JUNE 4, 1973 (ANALYSES PERFORMED 
BY THE BENDIX LABORATORY, KENNEDY SPACE CENTER, RESULTS REPORTED IN PARTS PER MILLION) 


SITE TEMP pH Cu Hg Ni K Vv Zn Fe Al Sr Ca Mg Na Mn 
l-l 26.0 6.87 <«<0.1 -003 G.17 560 <Ippm 0.16 0.12 = <i 9.1 600 1300 10,400 0.11 
1-2 25.0 7.03 <0.1 -009 0.14 510 " 0.12 O.13 <L 10.4 780 1200 9,000 <O.1 
1-3 25.5 6.74 <O.1 -004 0.16 510 . 0.15 <O.1 = <i 8.2 470 840 7,000 <O.1 
1-4 24.8 6.95 <O.1 003. 0.14 270 mM 0.20 0.10 <i 10.5 760 £1200 8,400 0.10 
1-5 25.2 7.15 <O.1 -004 <0.1 290 " 0.18 0.13 <li 9.6 600 £1100 8,400 .<0.1 
1-6 24.8 7.06 <0.1 -013, 0.17 = 850 " 0.15 <0.1 <1 10.0 660 1100 8,400 <0.1 
I1-I 26.0 6.68 <0O.1 -002 <O.1 370 . 0.15 0.12 «lil 9.0 640 1300 10,600 <0.1 
2-1 26.7 7.61 <0.1 .014 <0O.1 160 _ 0.19 O.15 9 <1 6.0 330 570 5,000 <0O.1 
2-2 25.2 6.88 <0.1 -006 <0.1 160 i 0.11 O.13 <1 6.0 340 570 5,000 <d.1 
2-3 27.8 6.90 <0.1 -004 <0.1 186 is 0.11 0.10 <2 6.6 360 650 5,800 0.11 
2-I 25.9 8.40 ° <0O.1 .009 <0O.1 #177 as 0.15 0.10 <2 5.9 310 600 5,200 <0.1 
2-IR 27.9 7.42 <O.1 -006 <0.1 380 " 0.15 0.13 <li 8.1 490 1100 8,900 <0O.1 
3-1 25.7 7.20 <O.1 -007 <0.1 if: <O.1 <O.1 <1 0.9 27 66 460 <0.1 
3-2 25.5 7.10 <0.1 -0064 <0.1 27 E 0.10 <O.1 <li 0.6 14 88 570° =<O.1 
‘3-3 27.76.73 <O.1 -004 0.16 311 " 0.18 O.13 <1 7.6 410 970. 7,900 <0.1 
3-I 27.4 7.35 <0.1 -008 <0.1 10 u 0.11 0.12 <1 0.9 30 81 430 <0.1 
3-IR’ 29.5 7.56 <0.1 004 <0.1 342 uM 0.28 0.13 <l 7.8 440 1100 8,400 <0.1 
4-1 27.0 6.92 <0.1 -003 0.15 516 i 0.12 O.31 <li 7.4 413 1207 #421+10,000 <0.1 
4-2 26.1 7.35 <0.1 -005 0.31 452 " 0.143 #O.13 <i 7.2 413 1117 9,194 <0.1 
4-3 27.0 7.71 <0.1 -026 0.18 474 . 0.15 0.13 <l 7.5 413 1128 9,140 <0.1 
~4-ML 29.1 7.81 <O.1 .003 0.18 477 ” 0.20 <O.1 <1 7.5 413 1184 9,140 <0.1 
5-1 28.9 6.93 0.1 -005 <0.1 9 u <O.1 <O.1 <1 0.9 94 7 50 = <0.1 
5-2 24.5 7.55 <0.1 -001 <O.1 7 bi <0.1 <0.1 = <l 1.1 110 7 45 <0.1 
5-P 30.6 .6.94 <.1 -002. <0.1 6 - <O.1 <O.1 <1 1.1 96 7 49 <0.1 
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TABLE 2: DESCRIPTIONS OF SOIL PROFILE FROM SHALLOW BORE HOLES DRILLED AT THE KENNEDY SPACE CENTER DURING 


LOCAT LON DEPTH 
inches 


Bl surface 

(10 feet from edge 0 - % 
of impoundment) 5 - 8 
8 - 22 

22 - 32 

32 - 35 

40 - 53 


B2 surface 
0-1 


1 - 20 


26 - 38 
38 - 44 
44 - 55 
55 - 65 
B3 surface 
0-9 
9 - 16 
16 - 37 


37 - 47 


JULY, 1973 
DESCRIPTION 
COLOR GRAINS 
black silt 
light gray fine sand 
dark gray fine sand 
dark gray fine sand 
black peat 
dark gray fine sand 
very dark fine sand 
gray 


mottled light 
and dark gray 


very dark 
gray 
medium to 
dark gray 
black 
black 
black 


' dark gray, 


brown and 
dark brown 
gray 

very dark 
gray 

dark brown 


fine sand 
fine sand 
fine sand 
peat 


clayey sand 
fine sand 


fine sand 


fine sand 
fine sand 


silty sand 
with peat 


REMARKS 


short grasses and shrubs 
humus 


strong H9S odor 
H2S 
some decaying plant matter 


short grasses 
some organic matter 


H2S, at 23" a layer of decomposing stems 
and roots 

Hy S 

Hy S 

some plant matter 


short grasses 


HS 
H2S 


stems and roots not much decomposed, HS 
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Table 2 (cont. 


LOCATION DEPTH ; DESCRIPTION REMARKS 
inches COLOR GRAINS 
47 - 59 black silty sand many roots, H7S 
59 - 64 black clayey sand some plant matter 
64 - 79+ very dark fine sand 
gray 
B4 surface short grasses and shrubs, cabbage palms 
nearby 
0 - 6 dark brown fine sand with shell fragments 
6-9 light brown fine sand with shell fragments 
9 - 114 light gray fine sand shell fragments 
114 - 15 very dark fine sand shell fragments 
brown 
15 - 16 light gray fine sand many shell fragments 
16 - 50 black silty fine few plant fragments, no shells 
sand 
50 - 677 very dark fine sand no plant or shells 
brown 
B5 surface short grasses, paims nearby 
0 - 6 very dark fine sand a few shells and plant roots 
; brown 
6 - 10 mottled gray fine sand 
and brown 
10 - 15 brown and fine sand 
» - black 
15 - 27 gray fine sand 
27 ~ 31 dark gray- fine sand 
brown 
31 - 37 black fine sand much decayed plant matter 
37 - 49 very dark clayey sand plant matter 


reddish brown 
49 - 51 black fine sand black "concretions" 
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Table 2 (cont. 


LOCATION DEPTH DESCRIPTION REMARKS 
inches COLOR GRAINS 
51 - 54 dark gray fine sand 
54 - 67 black fine sand — some organic matter 
67 ~ 70 dark reddish fine sand mild H)S 
brown 
B6 surface grasses, close to pines and cabbage palm 
0-7 light gray- fine sand roots and shell fragments 
brown 
7 - 16 black silty sand plant matter 
16 - 20) gray fine sand no shells or plant matter 
20 - 25 dark brown fine sand 
25 - 43. very light fine sand a few shell fragments 
gray 
43 - 537 gray fine sand 
B7 surface Australian pines, palmettoes and grasses 
nearby 
0 - 32 dark gray fine sand many shells and fragments, roots, and 
decaying plant matter 
32 - 37. dark gray fine sand copious shelllayer 
37 - ? yellow brown sand and shells 
and gray clayey sand 
B8 surface grasses adjacent to marsh 
O-1 very dark humus root zone 
brown 
1-13 dark brown fine sand some shell fragments 
13 - 19 black fine sand decaying plant matter 
19 - 45 dark brown fine sand large shells and fragments 
and gray 
45 - 48 black fine sand few shells or plant matter 


48 - ? brown fine sand no shells 
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Table 2 (cont. 
LOCATION 


B9 


B10 


BLL 


B12 


B13 


DEPTH 
inches 


surface 
0 - 8 


8 - 17 
17 - 48 
48 - 56% 


surface 
0-2 


2 = 27 
27 - ? 
surface 

0 - 11 
ll - 21 


surface 
0 - 12 


12 - 30 - 


30 - 61+ 


surface 


0 = 2% 


2% ~ 32 
32 - 39 


39 = 45 


DESCRIPTION 

COLOR GRAINS 
very dark fine sane 
brown 
brown fine sand 
black fine sand 
dark brown fine sand 
gray and fine sand 
brown 
very dark fine sand 
gray 
gray brown 
dark brown fine sand 
light gray. fine sand . 
light brown fine sand 
very light fine sand 


gray with some 


dark gray 
light brown 


light brown 
black 

very dark 
brown 

dark brown 


fine 


fine 


silty sand 


fine 


sane 


sand 


sand 


with some silt 
silty sand 


REMARKS 
tall grass and cattails 
some roots 


many roots 
decaying vegetation 


-short grasses 


copious shells and fragments 
some shell fragments 


very hard layer of shell and sand concre- 
tions (couldn't penetrate with auger) 


tall grasses 
roots and other organic matter 
many shells and concretions 


short grass, trees and shrubs nearby 
some shell fragments, many roots 
few plant fragments 


some decaying plant matter 


short grass and dead shrubs 

some shell fragments 

many decaying plant roots and stems 
mild H9S 
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Table 2 (cont. 
LOCAT ION 


B14 


B15 


B16 


Bl 
(30 feet from edge of 
impoundment) 


; Bl 
(50 feet inland) 


DEPTH 
inches 
45 - 56 
56 - 637 
surface 
0 -.6 
6 - 12 
12 - 34 
34 - 64 
64 ~ 66 
66 ~ 847 
surface 
0 - 25 
25 = 307 
surface 
0 - 25 
25 - 39 
0- 8 
8 - 21 
21 - 31 
31 - 34 
34 - 39 
39 - 45 
0-7 
7 - 30 


DESCRIPT LON 

COLOR GRAINS 
brown fine sand 
gray fine sand 
‘brown fine sand 
gray fine sand 
light gray fine sand 
light gray fine sand 
and brown 
very dark fine sand 
brown 
black silty sand 
very dark fine sand 
eray 
black fine sand 
light brown fine sand 
gray fine. sand 
light gray fine sand 
dark gray fine sand 
dark gray fine sand 
black peat 
black fine sand 
dark gray fine sand 
brown fine sand 
gray fine sand 


REMARKS 


short grasses, relatively open field 
root zone, some shell fragments 

some roots 

large plant fragments 


some organic matter, strange odor 


short grass, very close to swamp with cat- 
tails, cabbage palm and sawgrass 

some shell fragments, many decomposing 
roots and stems 

decayed plant matter, HS 


short grasses ' 
many shells and shell fragments 
many shells and fragments 


Ho S 
H2S 
HS 
2 
H2S 


many tiny shell fragments, mild H2S 
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Table 2 (cont. 


LOCATION DEPTH DESCRIPTION REMARKS 
inches COLOR GRAINS 
Bl 0-4 ‘very dark fine sand 
(75 feet inland) gray 
& - 17 gray and fine sand shells and shell fragments 
, brown 
(mottled) 
17 - 50. very dark fine sand strong H2S from peat layers 
gray to black (some peat) 
50 - 65 very dark fine sand some plant matter, HS 
- brown 
65 - 83 dark gray fine sand a few shell fragments 
: Bl 0-5 light and fine sand shell fragments. 
*» (100 feet inland) dark brown 
(mottled) 
5 - 8 gray fine sand 
8-12 very dark fine sand 
brown 
12 - 36 gray fine sand some shell fragments 
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ii. 


94 


BIBLIOGRAPHY 


American Public Health Association, 1971. Standard 
Methods for the Examination of Water and Wastewater 
(13th ed.), APHA, Wash, D.C., 874 pp. 


Bredehoeft, J.D., Blyth, C. R., White, W. A., and 

G. B. Maxey, 1963. Possible Mechanism for Concentra- 
tion of Brines in Subsurface Formations,. American 
Assoc. Pet. Geol. Bull., 47(2): 257-269. 


Brodsky, A. A., and V. N. Popov, 1959. Methods of 
Digesting the Results of Chemical Analyses of 
Underground Waters. In Manual for the Systematic 
Study of the Regime of Underground Waters, M. Altovsky 
and A. Konoplyantsev (eds.), For. Lang. Pub. House, 
Moscow, 282 pp. 


Brown, D. W., Kenner, W. E., Crooks, J. W., and J. B. 
Foster, 1962. Water Resources of Brevard County, 
Florida, Fla. Geol. Survey Report of Investigations, 
No. 28, 104 pp. 


Brown, D. W., and L. W. Hyde, 1964. Geohydrology 
of the Cape Canaveral-Merritt Island Area, Florida, 
U. S. Geological Survey Unpublished Report, 88 pp. 


Carroll, D., 1959. Ion Exchange inClays and Other 
Minerals, Bull. Geol. Soc. Amer., 70: 749-780. 


Chemical Rubber Company, 1972. Handbook of.Chemistry 
and Physics (53rd ed.), CRC Press, Cleveland. 


Davis, S. N., and R. J. M. DeWiest, 1966. Hydrogeology, 
John Wiley and Sons, Inc., New York, 463 pp. 


Hem, J. D., 1970. .Study and Interpretation of the 
Chemical Characteristics of Natural Water (2nd ed.), 
U. S. Geological Survey Water-Supply Paper 1473, 363 pp. 


Hutchinson, J., 1973. The Analysis of Five Major Ions 
and the Validity of Salinity Measurements in the 
Indian and Banana Rivers, M.S. Thesis, Florida 
Institute of Technology, Melbourne, Florida. 


Jackson, D. F. (ed.), 1968. Algae, Man, and the 
Environment, Syracuse University Press, 554 pp. 


12. 


13. 
14. 
L5. 


16. 


aly 


18. 


19. 


20. : 


eae 


22% 


23. 


24. 


95 


Katz, H., and R. Navone, 1964. Method for Simultaneous 
Determination of Calcium and Magnesium, Jour. Amer. 
Water Works Assoc., 56: 121-123. 


Kuenen, P. H., 1963. Realmsof Water, John Wiley and 
Sons, Inc., New York, 327 pp. 


Lehninger, A. L., 1970. Biochemistry, Worth Pub., - 
Inc., New York, 833 pp. 


Martin, D. F., 1968. Marine Chemistry, Vol..I, 
Marcel Dekker, Inc., New York, 280 pp. 


McKee, J. E., and H. W. Wolf, 1963. Water Qualtiy 
Criteria, California State Water Control Board, 
Publication. Number 3-A. 


Meinzer, O. E. (ed.), 1942. Hydrology, Dover Publica- 
tion, Inc., New York, 712 pp. 


Nevin, T. A., Lasater, J. A., Clark, K. B., and E. H. 
Kalajian, 1973. A Study of Lagoonal and Estuarine 
Ecological processes in the area of Merritt Island 
Encompassing the Space Center. First Sem. Ann. 

Rep. to J.F.K. Space Center, NASA, 69 pp. 


Odum, E. P., 1971. Fundamentals of Ecology (3rd ed.), 
W. B. Saunders Co., Phila., 574 pp. 


Revelle, R., 1941. Criteria for Recognition of Sea 
Water in Ground-Waters. Trans. Amér. Geophysical 
Union, 22: 593-597. ; 


Salmella, J., Director, Brevard County Mosquito 
Control District, Personal Communication. 


Skirrow, G., 1965. The Dissolved Gases-Carbon Dioxide. 
In J. P. Riley and.G. Skirrow (eds.), Chemical Ocean- 
ography Academic Press, New York, pp. 227-322. 


Walton, W.C., 1970. Groundwater Resource Evaluation, 
McGraw~Hill, New York, 664 pp. 


Ward, R.C., 1967. Principles of Hydrology, McGraw- 
Hill Pub. Co., Ltd., London, 403 pp. 


Section III, Article 9 


The Analysis of Five Major Ions and the Validity of Salinity Measurements 


in the Indian and Banana Rivers 


Jay Bryson, Hutchison, Jr. 
1973 


THE ANALYSIS OF FIVE MAJOR IONS AND THE VALIDITY OF 


SALINITY MEASUREMENTS IN THE INDIAN AND BANANA RIVERS 


By 


Jay Bryson Hutchinson, Jr. 


Submitted to the Graduate Faculty 
in partial fulfillment of 


the requirements for the degree of 


Master of Science 
in 


Oceanography, Bioenvironmental Option 


Florida Institute of Technology 


1973 


The author grants permission to reproduce single copies 


ABSTRACT 


The major ion to chlorinity ratios of the oceans must be 
relatively constant for chlorinity titrations and conductivity 
measurements of salinity to be valid. Variations in the major ion 
to chlorinity ratios, in estuaries of appreciable salinity, are 
usually not detectable. 

The Indian and Banana Rivers are a lagoonal system 
located on the east, central coast of Florida. Seven water sites 
were chosen, four in the Indian River, one in the Banana River, 
and two in the Atlantic Ocean. 

Sodium, potassium, calcium, magnesium, and sulfate, were 
analyzed using Standard Methods as a guide. Calcium and magnesium 
were also both analyzed using a simultaneous EDTA comple xone | 
titration. Conductivity measurements were made on an induction 
salinometer and chlorinity was analyzed by the Knudsen titration. 
Refractive index determinations were made on a Spencer refracto- 
meter and a hand held refractometer. 

The only ion in the river system that did not conform to 
reported ion concentrations in the oceans was calcium. The 
calcium levels were consistently high. Calcium was probably 
present as dissolved and, to a lesser extent, colloidal calcium 
carbonate. 

The other ions showed some regional variability, which was 
associated with fresh water run-off and river water to river 


bottom interactions. The sodium and potassium concentrations 


were both slightly lower than the Atlantic samples. The magnesium 
and sulfate levels both corresponded to the reported concentrations 
for the oceans. The sulfate variability could possibily be asso- 
ciated with the sulfur cycle, 

The examination of ionic equivalence indicated that the 
river system was in a dynamic state attributable to the calcium 
ion input exceeding the precipitation time necessary to bring the 
system to equilibrium. 

The determinations of salinity by the chlorinity titra- 
tions ard conductivity measurements were good approximations, 
with conductivity giving the results with greater accuracy. Both 
determinations resulted in low river salinity values for neither 
method could conpletely compensate for increased calcium levels. 
Refractive index determinations gave approximations of the salin- 
ity that were less accurate than both of the above. 
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I. INTRODUCTION 


Marcet proposed in 1819 that the composition of sea water 
around the world appeared relatively constant, and that only the 
total salinity varied regionally. Some variability appeared to 
exist in the specific imic composition of sea water samples 
through 1966, though in most instances the variability was within 
analytical error (Riley, 1965). Analytical investigations by 
Culkin (1966) on sodium, potassium, calcium, magnesium, and 
strontium, demonstrated that very little variability existed in 
the ionic composition of the world oceans when the samples were 
analyzed by a single investigative team (Table 13). 

Salinities were originally determined by evaporating sea 
water to dryness ard then weighing the sample. The organic 
matter was eventually oxidized, as the sample was heated and 
evaporated. The precipitated magnesium chloride was decamposed 
into salts of uncertain composition and hydrogen chloride was 
liberated. The results were difficult to reproduce depending > 
on the method of treatment and analysis (Riley,. 1965). 

A definition of salinity was developed in the early 
1900's. The definition stated: 

Salinity is defined as the weight in grammes of the dis- 

solved inorganic matter in 1 kg of sea water after all 

the bromide and iodide have been replaced by the equiva- 


lent amount of chloride, and all the carbonate converted 
to oxide. (Riley, 1965) 


Dittmar, in the late 1800's, suggested that because the 
major ion concentrations appeared cmstant (Table 1), a single 
ion could be analyzed and related by arithmetic formula to the 
total salinity of the sample. Knudsen used silver nitrate to 
precipitate the halogens in sea water and helped to develop the 
coneept of chlorinity, which was defined to be: 

The chlorinity is the mass in grammes of pure silver 

necessary to precipitate the halogens in 328.5233 grammes 

of sea water, (Riley, 1965) 

An arithmetic expression was developed by Knudsen relat-_ 
ing the chlorinity to salinity as follows: 


S o/oo = 1.8050 Cl o/oo + 0.030. 
(Wooster, 1970) 


The above expression was based on just nine saline sanples 
and the constant, 0.030, apparently varied with locality (Martin, 
1968). The formila has since been modified to be: 


S o/oo = 1.80655 Cl o/oo. 
(Wooster, 1970) 


Thus , chlorinity can strictly be used in the computation 
of the salinity and density of sea water only if the major ion 
to chlorinity ratios are constant (Riley, 1971). 

Within the last 30 years, conductivity has become a rapid 
method of determining the salinity of sea water samples. Hydro- 
graphic tables, using standard sea water dilutions and based on 
the Knudsen equation, have been developed that relate conductivity 


ratios with specific salinities. Investigations by F. Culkin, 


Constituent* 


* 


TABLE 1 


The Ionic Concentrations, Ion/Chlorinity Ratios, 
Residence Times, and Principle Spectes 
in 35 0/oo Sea Water 


Riley, 1965 
Horne , 1969 


19.353 

10.76 
2.712 
1.294 
0.413 
0.387 
0.142 


0.067 
0.008 
0.004 
0.001 


Concentration*® Ion/Cl 
emn/ke 


Ratio 


0.5555 
0.1400 
0.0668 
0.0213 
0.0200 
0.0073 


0.0035 
0.0004 
0.0002 
0.00005 


Residence** Principle*# 
Time Species 
(Years ) , 
ERS esi 
2 .6x10° Nat 

o- 
pene ma 
45x10" Me", MeS0, 
8.ox10° ca’, CaSO, 
1.1x10/ xt 
Bees Ps 

C05 
eennneent Br7 
1.0x10’ srt, SrS0, 


sre eases oe merrier 


B(OH) 4, B(OH), 


103, 


I 


R. A. Cox, and J. P. Riley, have resulted in a new set of tables, 
the itewaticnal Oceanographic Tables, that compare conductivity 
ratios to salinity by the new definition. The tables include 
conductivity ratios ranging from 0.85000 to 1.17999 and salinities 
from 29.196 0/oo to 42.168 o/oo (Wooster, 1970). 

Modern conductivity instruments, with temperature compen- 
sating electrical bridges, can measure the salinity to 0.001 0/oo 
(Riley, 1965). Agreement between conductimetric salinity measure- 
ments and those calculated from chlorinity titrations is depend- 
ent on the constancy of the relative composition of sea water 
(Riley, 1971). 

Refractive index is also used to determine the salinity 
and the constancy of composition must hold to obtain valid salin- 
ity values. Standard sea water dilutions were used by several 
investigators to obtain tables relating refractive index to salin- 
ity. 

The major ion concentrations are comstant because they are 
conservative in the saline medium. Table 2 was taken from Horne 
(1969) and shows the expected cation and anion interactions in 
sea water of 19 o/oo chlorinity and for a temperature of 25°C. It 
was assumed that the interactims between the major ions resulted 
only in the formation of ion pairs. Sodium, potassium, and chlor- 
ide are represented as 99 percent dissociated. Calcium and mag- 


nesium ios each exist associated to a slight degree with the 


TABLE 2 


Species Distribution of Some Major 
Sea Water Constituents 
(Horne, 1969) 


With With - With 
Free Ion, Sulfate, Bicarbonate, Carbonate, 
Ion Molality % % o . % 


Ca 0.0104 91 8 1 0.2 
Me 0.0540 87 re i 0.3 
Na 0.4752 99 1.2 0.01 — 
K 0.0100 99 ni — pata 
With With With With 
Ca.; Mg, Na, K, 
% a 3 y 
SO, 0.0284 54 3 21.5 21 0.5 
HCO 3 0.00238 69 4 19 8 —— 
CO, 0.000269 9 7 67 17 — 


sulfate fon. The major ions generally exhibit long residence 
times allowing them time to come to a steady state equilibrium 
(Table 1). 

The total anion and cation equivalences were calculated 
from the major im concentrations listed in Table 1. Table 3 
lists the major ions with their projected equivalences calculated 
from 35 °/oo sea water. The total equivalence of the cations is 
equal to 0.6057 and the total of the anions is 0.6056. The two 
values are close to agreement and an ionic equilibrium is indicated. 

The major ion to chlorinity ratios must be relatively con- 
stant for modern techniques to be valid measurements of salinity. 
The validity of the chlorinity titrations , conductivities, and 
refractive indices become questionable analyses for the determina- 
tion of salinity where extreme dilutions of sea water occur. How- 
ever, variations in the concentration ratios in estuarine water of 
appreciable salinity are usually not detectable (Riley, 1971). 

The Indian and Banana River lagoonal system provides an 
excellent diluted sea water environment to test the validity of the 
above measurements. This thesis was proposed to evaluate the con- 
centrations of sodium, potassium, calcium, magnesium, and sulfate 
to determine if the ionic composition was similar to sea water and 
if the chlorinity titration and conductivity and refractive index 


measurements could be utilized to determine river salinities. 


TABLE 3 


The Ionic Fquivalence of 35 0/oo Sea Water 


Ion Ionic Equivalence 
Cl 0.5459 
Na 0.4680 
SOy 0.0565 
Mg . 0.1064 
Ca 0.0206 
K 0.0099 
HCO, , | 0.0023 
Br 0.0008 
Sr 0.0002 
B 0.0007 


I 0.0001 


II. METHODS AND MATERTALS 


A. Sampling Sites 
The Indian and Banana River lagoonal system is located on 
the east central coast of Florida. The most noted landmark in the 
region is Kennedy Space Center located on Merritt Island (Figures 
1 and 2). 
Seven sample sites were chosen, four in the Indian River, 


one in the Banana River, and two in the Atlantic Ocean. The Indian 


River sites were: 


Site 1 Titusville Causeway, Titusville 
Site 2 Bennett Causeway, State Road 528 
Site 4 Eau Gallie Causeway, Eau Gallie 
Site 5 State Road 510 Causeway, Wabasso 


Site 3 was located on the Bennett Causeway (State Road 528) 
in the Banana River. 

Site 6A was located off of the Indialantic Beach for two 
sampling excursions. Site 6B was located off of the Fort Pierce 
Inlet. This sample served as a sea water substandard. Samples 
from Sites 6, A and B, were analyzed with the other samples to in- 
sure the validity of the ion analyses used. 

Site 1 is located in the northern region of the Indian 
River. The Banana Creek is located four miles south of the cause- 
way and no other major creeks are in the vicinity. 

Site 2 and Site 3 are approximately 17 miles below Site 1 


and are connected by a Barge Canal bisecting Merritt Island. Sykes 
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FIGURE 2 


Sample Site Locations 
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Indian River 


Ranana River 
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Titusville ® 
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I 
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Creek opens directly into the Barge Canal. The Banana Creek is 
approximately 13 miles north of Site 2. 

Site 4 is approximately 20 miles south of Site 2 near the 
mouth of the Eau Gallie River, located less than one mile south 
of the causeway (Figure 2). 

Site 5 is 31 miles south of Site 4 and 7 miles south of 
the Sebastian Inlet, a direct opening to the Atlantic Ocean. The 


Sebastian Creek is 7 miles north of the 510 causeway (Mgure 2). 


B. Sampling Procedure 

The samples were taken by rope and bucket from the speci- 
fied river localities at depths between three to five feet and 
transferred to two quart low density polyethylene containers. 

All samples were returned to the chemical laboratory, fil- 
tered through 1.2 micron Millipore cellulose acetate filter paper, 
and stored in 500 milliliter (m1) high density polyethylene con- 
tainers. The samples were generally analyzed within a three day 
time perlod. 


C. Conductivity | 
Conductivities were measured on a Portable Induction Sal- 
inometer, Beckman Model RS-7B, according to the instructions pro- 
vided with the instrument (Instruction Manual for Model RS-7B Por- 


table Induction Salinometer, Beckman Instruments, Inc., 1965). 
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The salinities were determined from the measured conductivity ratio 
‘using the hydrographic tables, based on the Knudsen equation, sup- 
plied in the mamal. The salinities were corrected for machine 
drift and temperature, the chlorinity was calculated from the 
Knudsen equation, and the new salinity definition was applied to 
obtain a corrected salinity. 


D. Refractive Index 

Refractive index was measured on a Spencer Refractameter, 
Model 819, using a constant temperature water bath and a sodium D 
line light source (5890 A, 5896 ie A hand held optical refrac- 
tometer, the AO T/C Refractometer was also used. Both instruments 
were operated according to their instruction manuals (Directions 
for the Operation and Care of the Spencer Refractometer, American 
Optical Company, 1947, and Instructions for the Use and Care of 
the TS Meter and T/C Refractometer, American Optical Company, 1964). 

Table 48B, Appendix B, was used to determine refractive indices 

~ for 30°C and 32°C, by extrapolating from a semilogarithmic plot of 
the data. 

The extrapolated refractive indices, Table 49B, Appendix B, 
were used to calculate salinities for the Spencer refractometer 
data. 


E. Chemical Methods — 
The chemical procedures for the major ions were taken from 
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Standard Methods of Fresh Water and Waste Water Analysis, American 
Public Health Association, Vol. 13, 1971. 


Silica pp. 301-303 
Sodium pp. 320-323 
Potassium pp. 285-286 
Calcium (EDTA) pp. 84-86 

Calcium(Gravimetric) pp. 80-82 

Magnesium pp. 201-203 
Sulfate pp. 331-333 


The procedures for the chlorinity determination (Martin, 
1968) and for the "Simultaneous Determination of Calcium and Mag- 
nesium," Katz (1964), are located in Appendix A. 


1. Chlorinity 
The chlorinity was determined by the precipitation of the 
halides from river water samples with silver nitrate. Potassium 


chromate was used as the endpoint indicator. 


x=) 
Ag’ + X°> Apx 


ag* + Cro,2- » AgsCrO, (Martin, 1968) 
(Excess)(Yellow) (Pink) 


2. Silica 


The silicates were separated by the evaporation of the 
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Saline sample to dryness in the presence of concentrated hydro- 
chloric acid. The silicates were separated as Si0> + xH,0 (Koltoff, 
1969). Dilute hydrochloric acid was added to redissolve the soluble 
salts, the insoluble silicates were filtered, ignited in an elec- 
tric furnace at 2,000°F, and weighed. The procedure was carried 
out in borosilicate glassware. The determination of silica con- 
centrations was necessary to insure that the silicates were below 


interference levels. 


3. Sodium 

Sodium was precipitated using zinc uranyl acetate reagent. 
The product, sodium zinc uranyl acetate was collected after one 
hour in Coming fritted glass crucibles, medium porosity, washed 
with ethanol and ether, and then weighed. 


go - + 
2n(CoH.05) 5 3U(C3H05 3 + Nat + 6H,0 » 


Na(CoH05) + Zn(CjH{0>) * 3U(CzH{02)3 . 6HZ0 


4, Potassium 

Trisodium cobaltinitrite was used to precipitate potassium 
from sea water. A known volume of standard potassium dichromate 
was added to the carefully washed dipotassium sodium cobaltinitrite 
precipitate followed by 5 ml of concentrated sulfuric acid. The 


excess dichromate was measured colorimetrically using a Bausch and 


sees 
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Lomb Spectronic 20. The concentration of potassium was deter-~ 


mined from a standard curve. 
4. 
_Na3C0(NO)6 + 2K"® K=NaCo(NO>), + 2Na 


5. Calcium 

Three methods were used in the determination of calcium. 
‘The ethylenediamine tetracetic acid (EDTA) analysis (Standard 
Methods , 1971) was initially used, then the "Simultaneous Deter- 
mination of Calcium and Magnesium" with EDTA by Katz (1964), and 
finally the precipitation of calcium as the oxalate was used. 

The titration of calcium utilizing EDTA was a complexme 
reaction. Strontium was also analyzed in this procedure because 
of its similarity to the calcium ion. The Standard Methods analy- 
sis and Katz analysis both followed the same basic procedure. Mag- 
nesium hydroxide was precipitated from the sample by the addition 
of enough sodium hydroxide to increase the pH of the sample to 
between 12 and 13. An organic indicator, either Mure xi.de or Erio- 
chrome Blue S.E., was added to the sample. The sanple was titrated 
with EDTA which has a greater affinity for the calcium and stron- 
tium than the indicator. When an excess of EDTA was added, it com 
plexed with the dissociated indicator to produce a color change 


from blue to red. 
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2+ ot 


Y = Ca”, Sr 

I = Indicator 

YtIoy-I 

Y -I+ EDTA Y - EDTA +I 

EDTA + I @ EDTA - I (Martin, 1968) 

(Blue) (Red) 

Calcium and strontium were also determined gravimetrically. 
The two ions were precipitated from an acidified medium containing 
ammonium oxalate as the solution was neutralized with ammonium hy- 
droxide. The precipitate was filtered, ignited in an electric fur- 
nace at 2,000°F, and weighed. 


Cat + C5042" + Ho0 » CaCr0y . 20 


CaC204 + H20 # CaO + CO + COs + HO 
heat (Koltoff, 1969) 


6. Magnesium 

Magnesium was determined by the simultaneous EDTA method 
described above. After the analysis of calcium and strontium, the 
magnesium hydroxide precipitate was dissolved with dilute hydro- 
chloric acid, and then the solution was buffered to a pH of 10.1. 
A new indicator, Eriochrome Black T, was added and the sample 
titrated with EDTA. The magnesium concentration was determined 
from the additional EDTA necessary to titrate to the indicator 


endpoint. 
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The precipitation of magnesium as magnesium ammoniun 
phosphate was also used. Calcium and strontium were first removed 
by the gravimetric method described above. The precipitation of 
magnesium from an acidic solution containing dihydrogen ammonium 
phosphate resulted when the solution was neutralized with ammonium 
hydroxide. The precipitate was dissolved with dilute hydrochloric 
acid and reprecipitated with additional ammonium phosphate and 
ammonium hydroxide . The magnesium anmonium phosphate was ignited 
to magnesium pyrophosphate at 2,000°F in an electric furnace and 
weighed. 
Me** + NH,* + PO,3- + 6H,0-> MeNH,PO,, . 6H50 
2MgNH)PO, + 6H20 ® MgoP507 + 12 HO 

heat 
(Koltoff, 1969.) 


7. Sulfate 

Sulfate ions were precipitated with dilute barium chloride 
solution fram a hot, acidified solution following a gravimetric 
procedure. The precipitate was filtered, ignited at 1,616°F in an 


electric furnace and weighed. 


BaCl + SOy2~ * BaSO, + 2C1~ 
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III. RESULTS 


A. Ionic Ratios and Concentrations 

Table 1 shows the projected tonic concentrations for the 
eleven major ions. The chlorinity of 35.00 °/oo sea water was 
calculated to be 19.37 °/oo, from the Knudsen equation. The major 
ion to chlorinity ratios were then calculated and added to Table +1. 

Table 4 shows the gravimetric silica values. The site l, 
site 2, site 3, and site 6, samples all contained silica levels 
less than 1 mg/l; the samples from site 4 and site 5 contained 
silica concentrations slightly greater than 1 mg/l, 1.2 mg/l and 
1.1 mg/l, respectively, all of which were below interference levels. 

The results from which the ion ratios and concentrations 
were calculated are located in Appendix B. Table 5 and Table 6 
were compiled from the chlorinity titration and conductivity 
measurement data located in Table 43B to Table 46B, Appendix B. 

All im concentrations were corrected to 35 °/oo sea water 
to compensate for salinity variations between sites and allow com 
parisons of the ionic concentrations to be made by the following 
formula: 


C= A + 35.00 2/00 
B 


bh 
it 


measured ion concentration 


B = site mean salinity 


QQ 
il 


concentration for 35 °/oo sea water 


Site 


N VWI S| W 


TABLE 4 


Stlica 


Concentration 


(2/1) 
0.0003 
0.0006 
0.0006 
0.0012 . 
Q).0011 
() .0007 
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Na/Cl 

Site (S.D.) 
1 0.5538 
(0.0069) 

2 0.5504 
(0.0069) 

3 0.5546 
(0.0118) 

4 0.5534 
(0.0100) 

5 0.5533 
(0.0068) 

6 0.5541 
(0.0069) 

7* 0.5555 


( 


K/Cl 
S.D.) 


nANnN 
eUCUU 


.0017) 


.0190 
.0020) 


.0190 
.0020) 


.0198 
.0010) 


.0197 
.0023) 


.0197 
.0011) 


-0200 


TABLE 5 


The Mean Ion/Chlorinity Ratios 


EDTA 
Ca-Sr/Cl1 
(S.D.) 

0.0235 


(0.0013) 


0.0246 
0.0022) 


0.0255 
(0.0007) 


0.0254 
(0.0019) 


0.0216 
(0.0010) 


0.0210 
0.0002) 


0.0217 


# Expected Ratio for 35 0/oo Sea Water 


Ca-Sr/Cl 


De) 


.0249 
0.0019) 


80257 
.0011) 


.0270 
.0010) 


0256 
.0005) 


.0222 
.0017) 


.0210 
.0024) 


0217 


EDTA 


Me/C1 
(S.D.) 


Pape 


0038) 


.0687 
.0025) 


0692 
.0031) 


0674 
.0020) 


.0663 
.0023) 


.06 74 
.0009 ) 


.0668 


SO 


y/C1 


(S:D.) 


(0 


.1392 
.0068) 


1.397 
0057) 


0.1413 


.0031) 


.1383 
-0039) 


.1405 
-0035) 


1411 
0045) 


1400 


02 


Na 
g/kg 
Site (S.D.) 
1 10.73 
(0.13) 
2 10.66 
(0.13) 
3 10.75 
(0.23) 
y 10.72 
(0.19) 
3 10.72 
(0.13) 
6 10.73 
(0.13) 
7* 10.76 


0. 
(0. 


0. 


TABLE 6 


The Mean Ion Concentrations in 35 0/oo Sea Water 


380 
021) 


387 


EDTA 
Ca-Sr 


g/ke 
(S$.D.) 


0.440 
(0.025) 


0.468 
(0.042) 


0.487 
(0.013) 


0.484 
(0.036) 


0.411 
(0.019) 


0.401 
(0.004) 


0.414 


Ca-Sr 


o/ke 
(S.D.) 


0.475 
(0.036) 


0.490 
(0.021) 


0.514 
(0.019) 


0.489 
(0.010) 


0.423 
(0.032) 


0.401 
(0.046) 


0.414 


* Expected Ion Concentration in 35 0/oo Sea Water 


Te 


22 


Each ion, from the above tables, was considered individ- 
ually in the presentation of the results. The projected ionic 
ratios and concentrations were taken from Table 1. Each mean 


value is followed by its standard deviation in parentheses. 


1. Sodium 

The mean sodium concentrations and ratios for the samples 
at all sites were below the projected 10.76 g/kg and 0.5555. The 
Sample at site 2 was the lowest value having a concentration of 
10.66 g/kg (0.13) and a ratio of 0.5504 (0.0069). Samples from the 
other sites were all within 0.04 g/kg and 0.0022 of the projected 
concentration and ratio. The standard deviations for the deter- 
mination were relatively low, generally on the order of one to two 


percent. 


2. Potassium 

All of the mean potassium concentrations and ratios were 
equal to or below the projected 0.387 g/kg and 0.0200. The lowest 
values were found in the samples at site 2 and site 3. The samples 
from all sites were within 0.020 g/kg and 0.0010 of the projected 
values. The standard deviations were high, approximately 10 per- 


cent. 


3. EDTA and Gravinetric Calcium-Strontium 


The mean EDTA calcium-strontium sample concentrations 
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increased from site 1 to site 3 and were between 0.026 g/kg and 
0.073. g/kg greater than the projected o.414 g/kg. The site 4 
sample concentration was slightly lower than that of site 3. 
Samples from site 5 and site 6 were lower than and within 0.013 
g/kg of the projected value. 

The mean ratios for the samples from site 1, site 2, site 
3, and site 4, followed the same pattern described above and were 
higher than the 0.0200 projected ratio by 0.0018 and 0.0038. The 
sample ratios at site 5 and site 6 were within 0.0007 of the pro- | 
jected value. 

The standard deviations were high for the determination, 
on the order of 10 percent. 

The gravimetric calcium-strontium determination followed 
the pattern described above. The mean sample concentrations for 
site 1, site 2, and site 3, were 0.030 g/kg to 0.040 g/kg greater 
than the EDTA levels. The site 4 sample concentration was similar 
to the EDTA site 4 value. The samples from site 5 and site 6 were 
within 0.013 g/kg of the projected 0.414 g/kg. 

The mean ratios for the samples from site 1, site 2 and 
site 3, were approximately 0.0015 greater than the EDTA takion, 
The site 4 gravimetric and EDTA value were similar. The samples 
from site 5 and site 6 were within 0.0007 of the 0.0200 projected 
ratio. 


The standard deviations were generally lower than the 
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EDTA determination, between three to seven percent. 


4, EDTA and Gravimetric Magnesium 

The mean magnesium concentrations, for the EDTA determina- 
tion, were high, between 0.037 g/kg to 0.058 g/kg, in the sanples 
from site 1, site 2, and site 3. The samples from the other sites 
were within 0.012 g/kg of the 1.294 g/kg projected concentratian. 

The mean ratios followed the pattern described above. The 
site 1, site 2, and site 3, sample values were between 0.0019 to 
0.0030 greater than and the samples from the other sites were with- 
in 0.0006 of the 0.0668 projected ratio. 

The standard deviations were low, generally between one to 
three percent. 

The gravimetric determination resulted in mean concentra- 
tions and ratios that were lower, within 0.024 g/kg and 0.0012, 
than the projected values for all of the samples from the river 
sites. The sample from site 6 had a concentration of 1.270 g/kg 
(0,016) and a ratio of 0.0656 (0.0008). 

The standard deviations were low, approximately one per- 


cent. 


5. The Mean Calcium and Magnesium Values 
Table 7 shows the values obtained by taking the mean of the 
EDTA and gravimetric values for both calcium and magnesium. The same 


trends still hold for calcium that were noted in Section 3. 


ea 
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The mean magnesium values show better agreement with the 
projected 1.294 g/kg concentration and 0.0668 ratio. The site 1, 
site 2, and site 3, sanple concentrations and ratios were slightly 
higher, within 0.018 g/kg and 0.0010, and the samples from the 
other sites were lower, within 0.015 g/kg and 0.0006, than the 


projected values : 


6. Sulfate 

All mean sample values were within 0.033 g/kg and 0.0017 
of the projected 2.712 g/kg concentration and 0.1400 ratio. The 
samples from site 2, site 3, and site 6, were high, within 0.025 
g/kg and 0.0013, and the samples from the other sites were iow, 
within 0.017 g/kg and 0.0017, of the projected values. 

The standard deviations were low, between two to five 


percent. 


Site 


TABLE 7 


Mean Calcium-Strontium and Magnesium 
Ratios and Concentrations 


Ca-Sr/C1 Ca (g/kg) Mg/Cl 
(S.D.) (S.D.) (S.D.) 
0.0242 0.458 0.0677 
(0.0016) (0.031) (0.0025) 
0.0251 0.479 0.0676 
(0.0017) (0.032) (0.0018) 
0.0263 0.501 0.0672 
(0.0009) (0.016) (0.0020) 
0.0255 0.487 0.0669 
(0.0012) (0.023) (0.0023) 
0.0219 0.417 0.0662 
(0.0014) (0.026) (0.0016) 
0.0210 0.401 0.0665 
(0.0013) (0.025) (0.0009) 
0.0217 0.414 0.0668 
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B. Ionic Equivalence, Chlorinity, Salinity, 


and Refractive Index 


1. Ionic Equivalence 

Table 8 examines the ionic equivalence of each major ion 
concentration adjusted to 35 °/oo sea water for the last four anal- 
yses. The calcium and magnesium concentrations were both taken . 
from Table 7. The samples from site 1, site 2, site 3, and site 4, 
had total measured cation equivalences that were greater than the 
total measured anionic equivalences. The samples from site 5 and 
site 6 had total measured cation equivalences that were less than 
the total measured anionic equivalences. — 

It was assumed that the bromide, todide, boron, and bi- 
carbonate equivalences were the same as In Table 3. These equiva- 
lences were added to the measured equivalences to obtain the total 
anion and cation equivalences , which follow the same pattern des- 
cribed above. | 


2. Chiorinity 

Table 9 shows the statistical analysis of the chlorinities 
calculated from the chlorinity titration and sonchioeiity determina- 
tion, for the last four analyses. ‘The t-test for the examination 
of the similarity of two means was used (Mendenhall, 1971). Sixteen 


out of 22 values were within the acceptance region for a 95 percent 


Total Measured 
Cations 


Total Meas:ired 
Anions 
Total Cations 


Total Anions 


1 
5459 
0.4€67 
0.0099 
0.022!. 
0.107:: 
9.0561 


0.6069 


0.6020 


0.6076 
0.603 


TABLE 8 


Tonic Equivalence 


2 
0.51.59 
0.4637 
0.0091. 
0.0239 
Lory 
0.0561; 


0.60!.7 


0.6023 


0.605). 


0.6037 ~ 


0. 51,60 
0.4676 
0.0091, 
0.0250 
0.1080 
0.0570 


0.6190 


0.6030 


0.6107 
0.6044 


Site 


4 
0.5459 
0.1603 
0.0098 
O,022,3 
OL 1G? 
0.0558 


0..C071 


0.6017 


0.6078 
0.6051 


) 
0.51.59 
0.4663 
0.0097 
0.0208 
0.1051. 
0.0567 


0.€022 


0.6026 


0.6029 
0.6010 


6 
0.5460 
0.1667 
0.0097 
0.0200 
0.1060 
0.0£69 


0.6029 


0.6031 


0.6031 
0.6043 
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Analysis 
Date 


4-17-73 


4-23-73 


St 


5-3+73 


Analysis 


Chiorinity Cl 


Conductivity Cl 


t—Test 
Chilorinity Cl 
Conductivity C1 


t-Test 
Chlorinity Cl 


Conductivity Cl 


t-Test 
Chlorinity C1 


Conductivity Cl 


t—Test 
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14 .80 


tele 


TABLE 9 


13.19 

(0.03) 
13.19 

(0.005) 


0.0000 


(0.005) 
2.766 
13.15 

(0.03) 
13.16 

(0.005) 


0.2857 


Site 


12357 


snr nat 


0.8571 


12.39 
(0.03) 


(0.005) 
4,000 
13.00 

(Q.03) 
13.01 

(0.005) 


0.2857 


0.0000 


0.2857 
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confidence interval. The rejection region was t greater than 2.353. 
Seventeen of the 22 chlorinities determined by the conductivity 
measurement were greater than the chlorinities determined by the 
chlorinity titration. 


3. Salinity and Refractive Index 

Table 10 shows the relationship between chlorinity titra- 
tion and conductivity determination salinities and the salinities 
determined by the Spencer refractometer and hand held refractoneter. 
The mean of the difference between the Spencer refractometer salini- 
ties and conductivity and chlorinity salinities was 0.8 °/oo. The 


mean of the difference for the hand refractareter was 1.2 °/oo. 


Analysis 
Date 


4-17-73 


4-23-73 


p= l=75 


o=3-13 


TABLE 10 


Chlorinity, Conductivity, and Refractive Index Salinities 


Analysis 


Chlorinity 


Conductivity 
Spencer 
Hand Held 
Chlorinity 
Conductivity 
Spencer 
Hand Held 
Chlorinity 
Conductivity 
Spencer 
Hand Held 
Chiorinity 
Conductivity 


Spencer 


Site 


TE 
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IV. DISCUSSION 


A. Ionic Ratios and Concentrations 


1. Sodium 

The mean sodiun ratios and concentrations were consistently 
low. The concentrations were found to be within 0.04 g/kg of the. 
projected concentration of 10.76 g/kg, except for the sample at site 
2 at which the lowest concentration, 10.66 g/kg, was found. 

The sample ratio of 0.5546 from site 3 was the only value 
within the reported range of the Atlantic Ocean of 0.5544 to 0.5567 
(Table II). The Atlantic sample's ratio and concentration were de- 
termined te be 0.5541 and 10.73 g/kg, which could indicate that com 
Plete precipitation in the analysis was not obtained. The ratio 
does correspond to reported values (Table 12) and it is only 0.0003 
lower than the reported range. 

The most recent ion analyses by Culkin (1966), resulted in 
a mean ocean ratio of 0.5555 (Table 12). The only ratio that corre~ 
sponded to any of the results in this paper was from the North Sea 
sample. 

Sodium is one of the most difficult ions to analyze quanti- 
tatively (Horne, 1969). The major difficulty with the determination 
-results fram the relatively high sclubility of the sodium zine: uranyl 


acetate precipitate, 5.85 ¢/100 ml of solution (Riley, 1965), giving 
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the precipitate a tendency to form supersaturated solutions (Stan- 
dard Methods, 1971). A large veclume of concentrated reagent was 
added to a small volume of sample to attempt to compensate for the 
solubility effect (Koltoff, 1969) ,but the low results were still 
noted. 

The samples fram site 1 and site 3 were similar in con- 
centration to the Atlantic sample and the samples from site 2, site 
4, and site 5, were slightly low. It was evident that the sodium 
levels cbtained in the river samples were probably vartable. 

The highest salinity values were found ‘in the samples from 
site 1 and site 5. The greatest degree of dilution occurred in the 
samples from site 2, site 3, and site 4 (Table 10). There did not 
seem to be a correlation between the degree of dilution and a de | 
crease in sodium levels. The sample at site 5 was reported to have 
the highest river salinity but its ratio ae comparable to the sam- 
ple at site 4 where the greatest diluticn was noted. The site 3 
sample tended to have lower salinity values than the sample at site 
1, yet the sodium values noted were the highest. 

The sodium levels in the Indian and Banana Rivers were simi- 
lar tc those found for the Atlantic Ocean sanple, however, some re- 


gional variability was found to exist. 


2. Potassium 


The mean potassium values, except for the sample at site 1, 


Oceans and Seas 
N. Atlantic 
Atlantic 

N. Pacific 

W. Pacific 


Indian 
Mediterranean 


Baltic 


Black 

Irish 

Puget Sound 
Siberian 
Antarctic 
Tokyo Bay 
Barents 
Artic 
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Japan 


Bering 
Adriatic 
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Major Constituent Concentration-to-Chlorinity Ratios 
for Various Oeeans and Seas 
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0.0043 
0.00327- 
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0.00341 
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Principle Determinations of Sodium in Sea Water 


Reference 


Morton and Thorpe (1871) 
Schmidt (1878) 


Schreck (1882) 

Forsberg (1883) 
Dittmar(1884) 
Natterer(1892, 1893, 1894) 
Kolotoff(1893) 
Makin(1898) 
Schloesing(1906) 


Wheeler(1910) 

Steiger(1910) 

Anderson and Thoampson(1932) 
Webb (1939) 

Miyake (1939) 

Knapman and Robinson(1941) 


Fukai and Shiokawa(1955) 


F. Culkin(unpublished 
work) 


TABLE 12 
(Riley, 1965) 


Ocean etc. 


L} 


Irish 


Baltic and 
White 


Atlantic 
Siberian 
Various 
Mediterranean 
Black 
Atlantic 


Atlantic and 
Mediterranean 


Atlantic 
Atlantic 

Puget Sound 
Firth of Clyde 
W. Pacific 


Puget Sound 
Pacific 


W. Pacific 
N. Pacific 


Na (g/kg) 
for S = 35 0/oo 


797 


10 


10 
10 
10 


10% 


10. 


725 
.663 
625 
683 


Na ( 


0. 


0 


oO oO Oo 


0 
0 
0 
0 
0 


0 


0 
0 
0 
0 


35 


) 


0/00 


5573 


-5536 
5544 
5584 
5514 
-5310 
5518 
5476 


5528 
5567 
5567 
5495 
5549 
5497 


5562 
5549 


.5561 
5553 


5555 


Ocean etc. 


N. Pacific 

oe recite 

N. Atlantic 
S. Atlantic 
Northern Seas 
Eastern Ocean 
Indian Ocean 
Mediterranean Sea 
Red Sea 
Persian Gulf 
North Sea 
Baltic Sea 
All 


Standard 
(Batch P33) 
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The Analyses of Culkin, 1966 


malig 
Cl 0/00 
0.0206 


0.0206 


0.0206 


0.0205 


(Number of Samples in Brackets) 


0. 


oO 


0 


.06690 


oO 


oO 


QO. 
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Si 


_ were lower thar. the prejected 0.387 g/ke emmceritration and 0.0200 
ratio. The site 1 sample was equal to the rrojected levels. 

Table 14 lists the principle determinations of the potassium 
ion since 1882. The sample from the Atlantic Ocean was similar to 
the reported range of the Atlantic of 0.61953 to 0.0263 (Table 11). 
The samples from site e and eite 3 tend to be the cnly low results. 

Culkin (1966) reported a mean pctassium ratio for the - 
eceans to be 0.0205 and found no ocean ratio to be lower (Table 13). 
The potassium levels for the river system and Atlentic sam les tend © 
to be low when the modern determinations are taken into consideration. 

The samples from site 1, site 4, and site 5, all have values 
comparable to the sample from site 6. The site 1 and site 5 senple 
salinities were greater thar the salinities at the cther river sites. 
The site 2 and site 3 samples extiibit low salinities indicating that 
fresh water dilution could cause low potassium concentrations. The 
Banana Creek, Sykes Creek, and Barge Canal could exert a predominate 
effect on the potessium concentrations in the northern Indian ard 
Banana Rivers. The reduced pctassium levels were not ncted in the 
samples at site 4 at which the lowest salinities were found. 

It was difficult to obtain consistent results with the 
colorinetric determination, which was indicated by the high standard 
deviations. Potassium's extreme solubility makes it one of the most 
difficult ions to analyze in saline water (Horne, 1969). 


The mean potassium concentrations and ratios in the Indian 


re 
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TABLE 14 


Principle Determinations of Potassium in Sea Water 
(Riley, 1965) 


Reference Ocean etc. mes ae es pele) 
Schmelck(1882) N. Atlantic 0.3925 0.02026 
Forsberg(1883) Siberian 0.4088 0.0211 
Dittmar(1884 ) Various 0.3931 0 02029 
Natterer(1892, 1893, 1894) Mediterranean 0.3890 0.02008 
Kolotof f(1893) Black 0.4069 0.0210 
Makin(1898) Atlantic 0.3945 0.02036 
Macallum(1903) Atlantic - 0.3923 — 0.02025 
Schloesing(1906 ) Atlantic and 

Mediterranean 0.3784 0.01953 
Wheeler(1910) Atlantic 0.5095 0.0263 
Steiger(1910) Atlantic 0. 3852 0.01988 
Anderson and Thompson(1932) Puget Sound 0.3700 0.0191 
Webb (1939) Atlantic 0.3892 0.02009 
Miyake (1939) Pacific 0.3700 0.0191 
Fukai and Shiokawa(1955) W. Pacific 0.4117 0.02125 

N. Pacific 0.4061 0.02096 
Jentoft and Robinson(1956) Atlantic and 

Pacific 0.3921 0.02023 
Sporek (1956) Copenhagen 

Standard 

Sea Water 0.4033 0.0208 

English 


Channel 0.4010 0.0207 
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and Banana Rivers were found to be simtlar to those reported for the 


Atlantic Ocean, however, some regional variability was evident. 


3. CalciureStrontium 

A definite trend in the calciumstrontium levels could be 
noted in Teble 5 and Table 6. The same effect was noted in both the 
EDTA and gravimetric determination. 

The calcium-strontium meen concentrations increased in the 
samples from site 1 to site 2? (Table 7). The samele concentration 
at site 4 was similar to the sample at site 2. The above samples 
contained calcium-strentium levels that were as mach as 0.100 g/kg 
greater thar: the site 5 and site 6 samples. The site 5 sample con- 
centration was slightly greater than the sample at site 6. 

The mean sample ratio at site 5 was in agreemrert with the 
range reported for the Atlsntic Ocean of 0.02164 to 0.02168 (Table 
11 and Table 15) and to the value determined by Culkin (1966) for 
the South Atlantic (Table 13). 0.CO42 was added to the reported 
calcium levels to compensate fer strontium. The site 6 EDTA and 
gravimetric analyses both resulted in a concentratior. and ratic that 
were low. 

There was a ccrrelaticn between the increase in calcium 
strontium concentration and a decrease in salinity in the river sys- 
tem. The samples at site 2, site 3, and site 4, contained the great- 
est calcium-strontium levels and the lowest salinities. The sample 


salinities at site 1 were greater and the calciumstrontium content 


KO 


TABLE 15 


Principle Determinations of Calcium in Sea Water 
(Riley, 1965) 


Reference Ocean ete. aoe nies ee 
Dittmar(1884 ) Vartous 0.4123 0.02128 
Thompson and Wright (1930) Pacific 0.4098 | 0.02115 
Miyake(1939) Pacific 0.4107 0.02120 

_Matida and Yamauchi (1950) Tokyo Bay 0.4127 0.02130 
Fukai and Shiokawa(1955) W. Pacific 0.4123 0.02128 
N. Pacific 0.4173 0.02154 
Carpenter (1957) . Atlantic 0.4119 0.02126 
Kirk and Moberg(1933) Pacific 0.4136 0.02135 
Gripenberg (1937) Baltic 0.4177 0.02156 
Chow and Thompson(1955) Pacific 0.4241 0.02189 
Kawasaki and Sugawara(1958) W. Pacific 0.4028 0.02079 
W. Pacific 0.3987 0.02058 
Indian 0.4067 0.02099 
Antarctic 0.4107 0.02120 
Pate and Robinson(1958) Pacific 0.4134 0.02134 
Voipio(1959) Barents 0.4039 0.02085 


Carpenter(1957) Atlantic 0.4111 0.02122 


41 


lower than the sites above. The hi ou river salinities were found 
in the samples at site 5 at which the lowest conceritrations were de- 
termined. 

A salt water wedge flowing south from the northern Indtar. 
aver region, specifically from the Haulover Canal and Mosquito 
Lagoon, results in site 1 sarples with higher salinities (Lasater, 
1972) and possibly lower calcium-strontium levels. The southern | 
flow could reduce the dilutior influence of the Banana Creek. The 
site 2 and site 3 concentrations illustrate that the Banana Creek 
er.d Sykes Creek apparently exert a predominate influence on river 
water characteristics. Site 4 samples exhibited high calcium-stron- 
tium values which were probabiy influenced by run-off from the Eau 
Gallie River. The site 5 sanple concentrations were slightly higher 
than the samples at site 6 indicating that same fresh weter influ- 
ence could be exerted by the Sebastian River, however, the calciur- 
strontium levels were apparently reduced by daily Atlantic tidal 
flushing through the Sebastian Inlet. 

The high site 1, site 2, site 3, and site 4 calcium-stron- 
tium sample concentrations could result from the dissolution of cal- 
careous soils and sediments in the river region. Calcium is prot- 
ably introduced into the river system as dissolved and, to a lesser 
extent, culloidal calcium carbonate through land drainage and river 
water to river bottom interactions. The regional sedimentary struc- 
ture is composed of large amounts of calcareous shells and shell 


fragments. 
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The theoretical saturation of calcium as the carbonate in 
sea water could be calculated to be 70 m/l using the solubility 
preduct constant of 5.0 x 107, the measured saturation levels range 
from 100 mg/l to 480 me/1, and the concentration of the element in 
sea water is 400 mg/l (Horne, 1969). The measured values are higher 
because netal tons apparently engage in complex or ion-pair forma- 
tions (Riley, 1965). 

It is evident that calcium-strontium concentrations are 
higher in the Indian and Banana Rivers than in the Atlantic Ocean 
and they are not similar to the reported Atlantic values. It is not 
unusual for calcium carbonate to be present at saturated and super- 
saturated levels in ocean waters (Home, 1969). The northern river 
system is probably supersaturated with respect to calcium carbonate 
in the remaining concentration weara be present in colloidal form 


to a lesser extent. 


4, Magnesium 

The mean EDTA magnesium levels for the samples from site 1, 
site 2, and site 3, tend to be higher than the Atlantic value of 
0.0667 (Table 11 and Table 16). The site 4, site 5, and site 6, 
samples show similarities to the Atlantic value listed above and 6 
the value reported by Culkin (1966) for the South Atlantic of 0.06692 
(Table 13). 

The mean results from the gravimetric determination of 


magnesium were all lower than the reported values. The samples from 
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site 4, site 5, and site 6, were similar to the EDTA values for 
those sites. The site 1, site 2, and site 3, sample concentrations 
were lower than the values reported for the EDTA determinatim, 

The simultaneous EDTA analysis by Katz (1964) is used in 
the fresh water determination of both caletum and magnesium. To 
this investigator's knowledge, the analysis has not been used on 
saline samples. The similarity of both the calcium and magnesium 
EDTA and gravinetric analyses indicates that the Katz determina- 
tion can be used in saline water. 

The means of the EDTA and gravinretric magnesium values 
(Table 7) concur with the values reposted by other investigators 
(Table 11 and Table 16). | 

Lower salinities appear to be related to higher magnesium 
concentrations. The site 2 and site 3 samples exhibit magnesium 
levels that are greater than the Atlantic sample. The salinities 
of the samples at site 1 were greater than the salinities at the 
above sites, but the magnesium concentrations were also high. The 
low salinity sample at site 4 was similar to and the site 5 sample 
was slightly lower in concentration than the Atlantic sample. The 
correlation in the northern river region which was found for calcium 
was not as definite, however, the Banana Creek and Sykes Creek again 
appeared to exhibit some effect on river water characteristics. 

Magnesium would probably be introduced into the river sys- 


tem as magnesium carbonate through land drainage and river water to 
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river oe interactions. 

The magnesium concentrations and ratios for the river 
were simllar to the values reported for the oceans by other inves- 
tigators. The magnesium levels in the northern river region were 
greater than the Atlantic sample indicating that some magnesium 


variability due to fresh water dilution was present. 


5. Sulfate 
The mean sample ratio from site 6 was considerably higher 
than the reported value of 0.1393 for the Atlantic Ocean (Table 11). 
The sample ratio at site 4 was the lowest, below the reported lev- 
els, indicating a possible dilution effect from the Eau Gallie River 
The other values found for the sulfates did concur with the values 
found for other oceans (Table 11 and Table 17). 
| The localized river sulfate variability could be associated 
with the generation of hydrogen sulfide by the bacterial reduction 
of sulfate in the river bottom sediments. The evolved sulfide would 
be subsequently either lost to the atmosphere or oxidized to sulfate 
by bacterial action. The result would be regions of high or low 
sulfate concentration. 
| No correlation appeared to exist between salinity and the 
sulfate concentration. 
The sulfate determination is subject to many positive and 


negative interferences that can produce high or low results, however, 
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the interferences generally tend to balance (Staridard Methods, 
1971). Co-precipitation can cause high standard deviations (Koltoff, 
1969). 

It was concluded that the sulfate ion concentrations were 
consistent with known ocean concentrations, though localized vari- 


ability did exist. 


N6 


TABLE 16 


Principle Determinations of Magnesium in Sea Water 
(Riley, 1965) 


Reference Ocean etc. eee = os se 

Ellis and Matthews (1928) E. Mediterranean 1.315 0.06785 
Gulf of Aden 1.320 0.06814 

Dittmar (1884) Various 1.318 0.06801 
Thompson and Wright(1930)  N. Pacific 1.297 0.06695 
Miyake (1939) N.E. Pacific 1.296 0.0669 
W. Pacific 1.310 0.0676 

Matida and Yamauchi(1951) Tokyo Bay 1.297 0.06697 

Fukai and Shiokawa(1955) W. Pacific 1.284 0 06627 

N. Pacific 1.285 0.06632 

Voipio(1957) Baltic 1.297 0.06693 
Voipio(1959) Barents 1.306 0.06742 
Pate and Robinson(1961) Pacific 1.296 0.06689 


F. Culkin (unpublished 
work) Various 1.294 0.06680 


Carpenter(1957) Atlantic | 1.292 0.0667 


TAPLE 17 
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Principle Determinations of Sulfate in Sea Water 


Reference 


Morton and Thorpe(1871) 
Dittmar (1884) 

Anderson et.al .(1927) 
Johnson et.al .(1931) 


Miyake(1939) 
Maeda et.al.(1939) | 


Matida(1951) 
Bather and Riley(1954) 
Fukai and Shiokawa(1955) 


J. P, Riley (unpublished 
work) 


(Riley, 1965) 
Oceans ete. 


Irish 

Various 

N. Pacific 
Atlantic 
Pacific 
Mediterranean 
Red 

Indian 
Baltic 

W. Pacific 


Pacific and 
Atlantic 


Tokyo Bay 
Irish 


W. Pacific 
N. Pacific 


Various 


S01 (g/kg) S01, ( ) 
for S = 35 o/oo 0/00 
2.707 0.1397 
2.689 0.1388 
2.705 0.1396 
2.699 0.1393 
2.701 - 0.1394 
2.705 0.1396 
2.703 0.1395 
2.710 0.1399 
2.739 0.1414 
2.707 0.1397 
2.751 0.1420 
2.701 0.1394 
2.710 0.1399 
2.710 0.1399 
2.707 0.1397 
2.712 0.1400 
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B. Ionic Equivalence and Salinity 


1. Ionic Equivalence 

- The total anion equivalences for each site were similar 
(Table 8). The total cation equivalences were greater than the 
total anion equivalences in the samples from site 1, site 2, site 
3, and site 4. ‘The total anion equivalences were greater than the 
total cation equivalences in the re from site 5 and site 6. 
The consistently high calcium-strontium concentrations found in the 
northern river system apparently contributes to-the excess cation 
equivalence. 

The river system appears to be in a dynamic situation in 
which calcium, and to a lesser extent, magnesium, concentrations 
are constantly kept high by fresh water run-off and river water 
to river bottom interactions. The calcium influxes must be greater 
than the precipitation tine necessary to bring the river system to 
equilibrium. 

The site 5 and site 6 sample equivalences were almost equal 
indicating that the tonic levels at these points were at equilibrium, 
as would be expected. The low cation equivalences found at these 


sites apparently results from the low sodium concentrations. 


2. Chilorinity, Salinity, and Refractive Index 


Agreement was found between the chlorinities calculated 
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from both the chlorinity titration and conductivity determinatim 
for 16 of the 22 measurements. The conductivity determination 
chlorinity values were greater than the chlorinity titration values 
for 17 of the 22 measurements. 

The chlorinity titration determines the total halide con- 
tent of the saline sample and an enpirical formula relates the ha- 
lide content to the total salinity. Any increased cation and anion 
levels, other than the halides >» would not be detectable and low 
Salinity values would normally be recorded. 

The conductivity determination is a measure of the ability 
of a solution to conduct an electrical current and is dependent on 
the ionic strength of the solution. Assuming that the major ions 
in 35 °/oo sea water are all strong electrolytes and completely 
dissociated, the relative contribution of the ions to the total con- 
ductivity could be estimated to be: C17, 64%; Na’, 29%; Mee* , 3% y 
S0y2-, 2%; with each of the remaining constituents contributing less 
than one percent (Horne, 1969). Thus, the major contributors to the 
conductivity of sea water are the chloride and sodium ions. 

The increased calcium content of the river waters would not 
appreciably increase the total conductivity of the solution and the 
salinities calculated from the conductivity determination would 
generally be slightly greater than those calculated fram the chlo= 
rinity titration. Both determinations would result in low river 


salinities, for neither analysis could campleteily compensate for the 
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increased calcium levels, though conductivity would give the most 
accurate result. 

The refractive index methods used were not extrenely 
accurate. Temperature control and the lack of sufficient decimal 
place readability for the Spencer refractometer were a definite 
problem. A refractometer with pood temperature control must be 
readable to 0.00001 to obtain salinities to within 0.05 °/o0 (Riley, 
1965}. The Spencer was readable to only 0.0001, giving an accuracy 
of 0.5 °/oo. The instrument proved to be slightly less accurate, 
0.8 Oe probably because of inadequate temperature control. 

The hand held refractometer appeared to be slightly less 
accurate than the 1 °/c0 accuracy claimed in the instruction manual. 
The instrument had been subjected to extensive field use and had a 
calculated accuracy of 1.2 0/oo. 
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V. CONCLUSIONS 


The sodium concentrations in the Indian and Banana Rivers 
were generally low and showed some degree of regional variability. 
There was no sorte latian between the concentration of the sodium 
ion and the degree of fresh water dilution. 

The potassium concentrations were low regionally. The ° 
northern river regions exhibited a correlation between low salinities 
and low potassium concentrations. | 

Calcium tended to be the major ion that exhibited the ereat- 
est variability from the reported ocean concentrations. Calcium was 
probably present in the form of dissolved and, to a lesser extent, 
colloidal calcium carbonate. A correlation existed between the in- 

“creased caledun levels and decreased river salinities. 

Magnesium levels corresponded to the analyzed Atlantic 
Sample and were slightly variable. The northern river regions con- 
tained greater magnesium concentrations which corresponded to lower 
salinities. | 

Sulfate concentrations varied ventonaliy but were similar 


to the reported ocean values. The river system sulfates could be 


affected by bacterial generation and utilization of the sulfate ion. 
No correlation appeared to exist between salinity and the sulfate 
concentration. 

‘The examination of ionic equivalence indicated that the river 


system was in a dynamic state attributable to the calcium ion input 
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exceeding the precipitation time necessary to bring the system to 
equilibriun. 

Salinity determinations by the chlorinity titrations and 
conductivity measurements could only be used as good approximations 
of the salinity, with conductivity giving the most accurate results. 
Nalthas aatemination could completely compensate for increased cal- 
cium levels and the reported salinities would be low. 

Refractive index measurements were slightly less accurate 


than their theoretical accuracies. 


APPENDIX A 


PROCEDURES 
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I. CHLORINITY 
(Martin, 1968) 


A. Reagents 


1. Potassium Chromate Indicator 

Eight grams of reagent grade potassium chromate was dis— 
solved in 100 ml of deionized, distilled water and stored in a clean 
dropping bottle. 


2. Silver Nitrate Solution 
_, °37.11 grams of silver nitrate was dissolved in one liter 
of deionized, distilled water and stored in a brown, stoppered © 


: et 


polyethylene bottle. 


3. Standard and Substandard Sea Water 

Standard Copenhagen sea water (P-52, 18-19/10, 1969) was 
used to standardize a five gallon cmtainer of Atlantic Ocean water 
taken off of the Fort Pierce Inlet. The sea water was standardized 
with the Beckman induction salinometer. The substardard sea water 
was subsequently used to standardize both the induction salinometer 


and the chlorinity determination before each series of analyses. 
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B. Procedure 


The silver nitrate was standardized against siseeandas 
sea water at the begiming of each titration sertes. 10.00 mil1li- 
liters of substandard sea water was pipetted into a 250 ml erlen- 
meyer flask and diluted to 100 ml with chloride free deionized, dis- 
tilled water. Silver nitrate solution was transferred by funnel to 
a calibrated and acid washed 50 ml buret. | 

A magnetic stirring rod was carefully added to the sample 
flask and the flask was placed on a magnetic stirrer below the buret. 
The buret tip was lowered into the neck of the flask and the stirrer 
turned on. The stirring speed was adjusted to the maximm fate be- 
fore any splashing of the sample occurred. | 

Three drops of potassium chormate indicator were added and 
the sample was titrated to the first stable color change from yellow 
to pink. The sides of the flask were washed with distilled water 
as the endpoint was approached and the silver nitrate solution was 
added in one half and one quarter drops until the endpoint was 
reached. . 

The volume of silver nitrate used was recorded to the hun- 
dredth place and the procedure repeated three times on new substand~- 
ard samples. A chlorinity equi valent was calculated as follows: 


Cl °/oo equivalent /ml ApNOzg = 8, + t 


ee 


8+) 


a 
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where : 


n 
i] 


substandard chlorinity, °/oo 
85 = ml of substandard 
= ml of Agno. titrant 


ct 
{ 


The same procedure was used to titrate 10.00 ml of sanple 
diluted to 100 ml. The chlorinity of the sample was calculated 
by: 


ml AgNO, - Cl °/oo equivalent = Cl °/o0 of sanple 
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II. "METHOD FOR SIMULTANEOUS DETERMINATION 
OF CALCIUM AND MAGNESIUM" 
(Katz, 1964) 


A. Reagents 


' 1. EDTA Titrant, 0.01 M 
The EDTA titrant was prepared as described in Standard 


Methods, 1971. 


2. Buffer Solution 

Add, with stirring, 55 ml concentrated hydrochloric acid 
to 400 ml of distilled water. Add slowly, with stirring, 310 mi 2- 
aminoethanol to this acidified solution. Add 100 me of the magnesium 
. Salt of EDTA and, when it is dissolved, bring the Solubion to ore 
liter with distilled water. 


3. Ertochrorme Black T Indicator 
Dissolve 0.5 g of the dye in 100 g of triethanolamine. 
Keep the solution in a dark-colored bottle. 


4. Ertochrome Blue S.E. Indicator . 

Dissolve 100 mg of the dye in 100 ml. of. distilled water 
containing 0.25 g of hydroxylamine hydrochloride. Keep the solution 
ina dark-colored bottle. 
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5. Sodium Hydroxide Solution, 1.0 N, Carbonate Free 
6. Hydrochloric Acid, 1.0 N 
B. Procedure 


1. Measure 50.0 ml of sample or an aliquot diluted to 50 ml with 
distilled water into a porcelain or other sultable vessel. 

2. Add 3.0 ml of 1.0 N sodium hydroxide and stir. ‘The pH of the 
solution should be 12 to 13. The magnesium tons present will pre- 
| cipitate out as magnesium hydroxide. 

3. Add three or four drops of Eriochrome Blue S.E. and, while 
stirring the solution continuously, titrate with EDTA to a definite 
color change. The color change at the calcium is from wine-red to 
violet. Record the volure of titrant used. When the proper end- 
point is reached, several additional drops of titrant should cause 
no further color change. The excess of titrant added will be con- 
sidered as part of the magnesium titration that follows. 

4, Add 3.2 ml of 1.0 N hydrochloric acid to the above solution and 
stir for one minute. The pH of the solutim should now be about 
four and the magnesium hydroxide precipitate should be completely 
dissolved. Incomplete solution of the precipitate results in a pre- 
mature and fading magnesium endpoint. 


5. Add five m of buffer solution and one drop of Eriochrome Black 
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T and stir. The pH of the solution should now be 10.1. While ~ 
stirring cotinuously, titrate with EDTA to a definite blue end- 
point. This is the magnesium endpoint. 


C. Calculations 
At the calcium endpoint: 


mg/l Ca = A‘ fy + 1,000 
ml sample 
in which A is the milliliters of EDTA used to the calclum endpoint; 
and f,; is the milligrams of calcium equivalent to one milliliter of 
standard EDTA titrant. 


At the magnesium endpoint : 


mg/l Mg = B+ fp + 1,000 
ml sample 
in which B is the mllililiters of EDTA used in the titration from 
the calcium endpoint to the magnesium endpoint; and f, is the milli- 
grams of magnesium equivalent to one milliliter of standard EDTA 


titrant. 


Date 
L-17- 
i ge 
h-2k, 


L-30 


S o/oo 
(C1L)* 


26.71. 
(11.80) 


(14.95) 


Chlorinity 


e/ke- 


8.121 


‘hlorinity o/oo 
Standard Deviation 


mean 


e/ke - 


8.196 


TABLE 1B 


SITE 1 - SODIUM 


Na/Ccl 


0.5487 


Na/Cl 
mean S o/foo 
(cl) 


(S.D. )** 
0.5544 


26.717 


(0.0067) (14.805) 


e/ke 


8.113 


OF OO. OO Oo On 
bw 


Conductivity 


mean 
p/ke 


8.195 


Na/Cl 
0.5480 


0.5612 


s 
Wn 
ws 

: “Jin 
~~] Ow 


ooo OS oOo 


Na/cl 
mean 
(S.D.) 


0.5531 
(0.0071) 


T9 


TABLE 2B 


SITE 2 - SODIUM 


Chlorinity 


Date Sofoo eg/kg 
(C1) 
hel7e 23.82 7.395 
73 = (13.19) 


he24, 23.65 7.121 
(13.09) 


4-30 23.97 7.382 
(13.27) 7.359 


5-h 23.75 7.163 
(13.15) 7.132 


5-6 7.357 


mean Na/Cl 
7.192 0.5607 
0.5440 
0. 5563 


0.5546 


0. 5447 
0.5424 


0.5595 
0.5514 
0. 547k 
0.5465 


mean S ofoo 
(S.D.) (C1) 


0.5508 23.828 
(¢,0067) (13.190) 


23.574 
(13.049) 


24.211 
(13.402) 


23.779 
(13.162) 


e/kg 
7-395 


7.121 


Conductivity 
mean Na/Cl 


7-195 0.5607 


0.5457 


0.5 
(0.0071) 


eg 


Date S ofoo 
(CL) 


he17- 22.71 


73 (12.57 


h~2h 


L=-30 23.39 


(12.95) 


5-6 23.62 


(13.08) 


23.06 
(12.76) 


TABLE 3B 
SITE 3 ~ SODIUM 


Chlorinity 
g/kg mean Na/Cl_ mean 
(S.D.) 
7.147 7.161 0.5686 0.5555 22.763 
) 6.771 0.5389 (0.0115) (12.600) 
711k 0.5575 23.114 
6. 80k. 0. 5332 (12.791) 
7.158 0.5527 23.621 
7.157 0.5527 (13.075) 
7.322 0.5598 23.685 
7.235 - 5531 (13.110) 
7 ° 109 e 5664 
TehOk 5729 


S ofoo g/kg 
(Cl) 


Conductivity 


mean Na/Cl 


7.147 7.164 0.5672 
6.771. 0.5376 
7.110 0.5560 
6.800 0.5318 
7.158 0.5475 
7.157 0.5474 
7.329 0.5590 
7.242 0. 5524 
7.416 0. 5657 
7.502 0.5722 


mean 
—(8.D.) 


0.5537 
(0.0120) 
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TABLE 4B 
SITE & - SODIUM 


Chlorinity , Conductivity 
Date S ofoo e/kg mean Na/Cl_ mean Sofoo g/kg mean Na/Cl mean 
(C1) (S.D.) (C1) (S.D.) 
h-21- 22.38 6.847 7.105 0.5526 0.5560 22.657 6.847 7.100 0.5459 0.5508 
73, (12.393 (0.0105) (12.542) (0.0095) 
4-25 22.60 6.861 0. 5484 23.106 6.861 0. 5364 
(12.51) 6.988 0.5586 (12.790) 6.988 0.5464 
5-2 22.96 7.33} 0.5768 23.221 7.323 0.5698 
(12.71) (12.853) 
5-8 23.49 7.2425 0.5553 23.50, 7.418 0.5543 
(13.00) 7.382 0.5509 (13.010) 7.375 0.51499 
7.391 0.5529 7.384 0.5518 
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TABLE 5B 
SITE 5 - SODIUM 


Chlorinity ‘onductivity 
Date Sofoo g/kg mean Na/Cl mean S ofoo g/kg mean Na/(l mean 
(C1) (S.D.) (cl) (S.D.) 
4-25~ 32.75 10.14 10.21 0.559h 0.5549 33.330 10.14 10.21 0.5197 0.5517 
73 (18.13) 10.06 0.5549 (0.0076) (18.449) 10.06 0.5453 (0.0059) 
5-2 iid os 10.27 0.5455 ah aoe 10.27 0. 5433 
83) 10.44 (0.65544 (18.906) 10.44 0.5522 
5~8 34.68 10.66 0.5548 34.684 10.66 0.5551 
(19.20) 10.71 0.5573 (19.199) 10.71 0.5576 
. 10.72 0.5582 10.72 0.5585 


G9 


Chlorinity 


Site Date S o/oo g/kg 
(C1) 


A 


4-21- 36.00 11.12 
73 (19.92) 


b-25 


5-8 36.28 11.07 
(20.08) 11.33 

11.12 

10.95 


mean 


11.06 


TABLE 6B 


SITE 6 - SODIUM — 


Na/Cl 


0.5581 


mean S o/oo 
C1 


(S.D.) (C1) 


0.5545 35.958 
(0.0072) (19.903) 


36.230 
(20.054) 


36.230 
(20.054) 


36.288 
(20.086) 


e/ke 
11.12 
11.25 


11.21 
10.92 
11.01 
11.03 


11.07 
11.33 
11.12 
10.95 


Conductivity 


mean Naf(l 
11.06 0.5586 


0.5611 


mean 
(S.D.) 


0.5536 
(0.0068) 
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TABLE 7B 
SITE 1 - POTASSIUM 


Chlorinity . Conductivity 
Date S o/oo g/kg mean K/Cl mean S g/ke mean K/Cl mean 
(1) (Bp) S245? (S.D.) 
he20- 2264694 0.263 0.297 0.0178 0.0200 26.747 0.263 0.297 0.0178 0.0199 
73 (14.80) 0.271 0.0183 (0.0017) (14.805) 0.271 0.0183 (0.0017) 
126 27.3! 0.299 0.0198 27.264 0.299 0.0198 
(15.13) 0.299 0.0198 (15.092) 0.299 0.0198 
5-1 27.19 0.339 0.0225 27.320 0.339 0.0225 
(15.05) 0.319 0.0212 (15.123) 0.319 0.0211 
5-6 27.00 0.326 0.0218 27.07 0.326 0.0218 
(14.95) 0.291 0.0195 (14.986) 0.291 0.0194 
0.326 0.0218 0.326 0.0218 
0.291 6.0195 0.291 0.0194, 
0.252 0.0169 0.252 0.0168 
0.309 0.0207 0.309 0.0206 
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“hlorinity 


Date S o/oo e¢/kg 
(‘1) 


4-20- 23.82 0.233 
h-26 23.65 0.237 
(13.09) 0.281 
Sal 23.97 278 
(13.27) 0.288 
5-6 23.75 28h 
(13.15) 0.243 


oocoeo0°0oo90000.) 6cOCCOlUCOCOCOO OO 
nN 
foot 
= 


n 
QD 
oa 


e 


mean 


TABLE 8B 


STIE 2 ~ POTASSIUM 


K/C1l 


0.251 0.0177 


0.0173 
0.0181 


0.0215 


0.0210 
0.0217 


0.0216 
0.0185 
0.0156 
0.0163 
0.0208 
0.0192 
0.0209 
0.0193 
0.0163 
0.0170 
0.0198 


S k 
aan, Spine. “eine 


0.0190 23.828 0.233 
(0.0020) (13.190) 0.228 


23.574 0.237 
(13.019) 0.281 


24.211 0.278 
(13.402) 0.288 


23.779 0.284 
(13.162) meat 


mean 


0.251 


Conductivity 


K/Cl 
0.0177 
0.0173 


0.0182 
0.0215 


0.0207 
0.0215 


0.0216 
0.0185 


mean 
(S.D.) 


0.0190 
(0.0020) 


89 


4-20- 
fe 

126 

5-2 


£n8 


TABLE 9B 


SITE 3 = POTASSIUM 


Chlorinity 
Date S o/oo- g/kg 
(1) 


22.71 0.224 


(12.57) 0.210 
23.06 0.245 


(12.76) 0.210 
0.255 


23.39 0.266 
(12.95) 0.281 


23.62 0.206 
(13.08) 0.291 


mean K/(l mean 


-D. 


0.245 0.0178 0.0190 
0.0191 (0.0020) 


0.0192 
0.0165 
0.0200 
0.0205 
0.0217 


0.0174 


S of/oo 
(c1) 


22.763 
(12.600) 


3-114, 
(22: 794.) 


23.621 
(13.075) 


23.685 
(13.110) 


e/ke 


0.224, 
0.210 


Conductivity 


mean K/cl 


0.215 0.0178 
0.0191 


0.0192 
0.0164 
0.0199 
0.0203 
0.0215 


0.0157 
0.0222 
0.0170 
0.0198 
0.0198 
0.0174 


mean 
(S.D.) 


0.0189 
(0.0020) 
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TABLE 10B 
SITE 4 - POTASSIUM 
Chlorinity Conductivity 


Sofoo g/kg mean K/Cl_ mean 


Date S o/oo g/kg mean K/Cl mean 
(‘1) (S.D.) (C1) (S.D.) 


he2l- 22.38 0.245 0.253 0.0198 0.0199 22.657 0.245 0.253 0.0195 0.0197 
73, (12.39) 0.261 0.0211 (0.0010) (12.542) 0.261 0.0208 (0.0009) 
4-26 22.60 0.259 0.0207 23.106 0.259 0.0203 
(12.51) 0.250 0.0200 (12.790) 0.250 0.0196 
5-2 22.96 0.273 0.0215 23.221 0.273 0.0212 
(12.71) 0.259 0.0204, (12.853) 0.259 0.0202 
5-8 23.49 0.251 0.0193 23.504 0.251 0.0193 
(13.00) 0.246 0.0189 (13.010) 0.246 0.0189 
0.253 0.0195 0.253 0.0195 
0.264 0.0203 0.261 0.0203 
0.237 0.0182 0.237 0.0182 
0.240 0.0185 0.210 0.0185 


OL 


TABLE 11B 
SITE 5 - POTASSIUM 


Chlorinity | Conductivity 
Date S o/oo g/kg mean K/(l mean Sofoo pg/kg mean K/Cl mean 
(C1) (S.D.) (Cl) (S.D.) 
h-21- 31.31 0.360 0.369 0.0208 0.0197 31.483 0.360 0.369 0.0207 0.0196 
73. (17.33) (0.0023) (17.427) , (0.0023) 
4-26 32.75 0.297 0.0164 33.330 0.297 0.0161 
(18.13) 0.443 0.0244 (18.449) 0.243 0.0210 
“42 31.01 0.395 0.0210 34.156 0.395 0.0209 
(18.83) 0.372 0.0198 (18.906) 0.372 0.0197 
5-8 34.68 0.385 0.0200 34.684 0.385 0.0201 
{19.20} 6.36i 6.0190 (19.199) 0.364 0.0190 
0.399 0.0208 0.399 0.0209 
0.312 0.0162 0.312 0.0163 
0.381 0.0198 0.381 0.0199 
0.354 0.018), 0.354 0.0184, 


Le 


TABLE 12B 
SITE 6 ~ POTASSIUM 


Chlorinity fonductivity 
Site Date S o/oo ge/kg mean K/C(l mean S ofoo g/kg mean K/Cl. mean 
(C1) (S.D.) (C1) (S.D.) 
A he2l- 36.00 0.412 0.390 0.0207 0.0195 35.958 0.412 0.395 0.0207 0.0198 
73, (19.92) 0.371 0.0186 (0.0010) (19.903) 0.371 0.0186 (0.0011) 
A he26. 36.00 0.380 0.0191 35.958 0.380 0.0191 
(19.92) 0.397 0.0199 (19.903) 0.397 0.0200 
0.378 0.0190 0.378 0.0190 
0.396 0.0199 0.396 0.0199 
B 4-26 36.230 0.412 0.0206 
(20.054) 0.387 0.0193 
B 5-2 | 36.230 10.431 0.0215 
; (20.054) 0.418 0.0208 
B 5-8 36.28 0.390 0.0194 36.288 0.390 0.0194 
(20.08) 0.363 0.0181 (20.086) 0.363 0.0181 
0.807 0.0203 0.£07 0.0203 
0.367 0.0183 0.367. 0.0183 
0.441 0.0220 | 0.141 0.0220 
0.381 0.0190 0.381 0.0190 


0.390 0.0194 0.390 0.0191, 


CE 


TABLE 13B 
SITE 1 - EDTA CALCIUM 


Chlorinity Conductivity 
Date Sofoo g/kg mean ‘a/Cl mean So/oo g/kg mean (Ca/Cl' mean 
(C1) (S.D.) (cl) (S.D.) 
* 11-22- 30.21 0.3790 0.3474 0.0227 0.0235 30.459 ° 3790 0.3674 0.0225 0.0234 
72 (16.73) 0.3778 0.0226 (0.0013) (16.870) 0.3778 0.0224 (0.0013) 
0.3887 0.0232 0.3887 0.0230 
0.3828 0.0229 0.3828 0.0227 
0.3714 0.0226 0.3714 0.0224 
0.3770 0.0225 0.3770 0.0224 
* 12-20 30.03 0.3969 0.0239 30.025 0.3969 0.0239 
(14.63) 9.3905 0.0235 (16.614) 0.3905 0.0235 
0.3905 0.0235 0.3905 0.0235 
* 12-30 29.52 0.3769 0.0228 29.525 0.3769 0.0227 
(16.35) 0.3725 0.0231 (16.398} 0.3725 0.0230 
0.3729 0.0228 0.3729 0.0227 
1-5 29.04 0.3529 0.0219 29.161 0.3529 0.0219 
193. (16.09) 0.3517 0.0219 (16.151) 0.3517 0.0218 
0:3572 0.0222 0.3572 0.0221 
1-31 29.05 0.3699 0.0230 29.258 0.3699 0.0228 
(16.08) 0.3595 0.0224 (16.195) 0.3595 0.0222 
2-7 25.91 0.3662 0.0255 203 0.3662 0.0253 
(14.34) 0.3742 0.0261 (14.504) 0.3742 0.0258 
0.3781 0.0264 0.3781 0.0261 
0.3837 0.0268 0.3837 0.0265 
2-13 25.98 0.3415 0.0238 26.203 0.3415 0.0236 
. (11.38) 0:34.23 | 0.0238 (14.504) 0.3423 0.0236 
0:3511 0.0244 0.3511 (0.0242 
0.3543 0.0246 0.3543 0.0244 
2-26 26.69 0.3410 0.0231 26.872 0.3410 0.0230 
(14.77) 0.3402 0.0230 (14.874) 0.3402 0.0229 
0.31405 0.0231 0.3405 0.0229 


Standard Methods 
tz (1961) 


wh 


TABLE 14B 


SITE 2 - EDTA CAL’ IUM 
Thlorinity Conduetivity, 


Date S ofo0 g/kg mean Ca/Cl mean 5 of o e/kg mean ‘a/Cl mean 
(rh (S.D.) j (S.D.) 
* 11-22- 27.01 a. ar 0.3634 0.0245 0.0246 ‘26.587 0. 3661 0.3634 . 0249 0.0245 - 
72 (11.96) 0 0.0242 (0.0022)- (14.709) 0. 38 25 0247 (0.0022) 
0. acer 0. Oats 0.3664 0: 024.9 
0.3625 0.0242 0.3625 0.0247 
0.3625 0.0242 0.3625 0.0247 
* 12-20 28.58 0.400L 0.0253 28.659 0.4004 0.0237 
(15.83) 0.3933 0.0219 (15.873) 0.3933 0.0239 
0.3973 0.0251 0.3973 0.0237 
* 12-30 27.41 0.3626 0.0239 27.623 0.3623 0.0237 
(15.18) 0.3626 0.0239 (15.290) 0.3623 0.0237 
0.3678 0.0242 0.367h 0.0210 
* 1-5- 26.92 0.3579 0.0240 27.189 0.3579 0.0238 
73° (14.91) 0.3575 0.0210 (15.059) 0.3575 0.0237 
0.3575 0.0240 0.3575 0.0237 
** 1-31 26.99 0.3574 0.0239 27.309 0.3574 0.0237 
(1h. rey 0.3550 0.0238 (15.116) 0.3550 0.0235 
xk 2.7- 25.68 0.3638 0.0256 25.975 0.3638 0.0253 
(14. oth 0.3622 0.0255 (14.378) 0.3622 0.0252 
0.3821 0.0269 0.3821 0.0266 
0.3821 0.0269 0.3821 0.0266 
** 2.213 25.78 0.3503 0.0245 25.975 0.3503 0.0244 
(14.28) 0.3535 0.0248 (14.378) 0.3535 0.0246 
0.3476 0.0243 0.3476 0.0242 
0.3508 0.0216 0.3508 0.02L 
*k 2226 25.89 0.3L3h 0.0240 25.062 0.3434 0.024, 
e (14.38) 0.3421 0.0239 (13.873) 0.3421 0.02h7 
0.3455 0.0241 0.3455 0.0249 


Standard Mettods 
* itz (1964 


st 3 


7 


+t 


% 


TABLE 15B 
SITE 3 - EDTA CALCIUM 


Chlorinity Conductivity 
Date S o/oo are mean Ca/Cl mean S ofoo e/ke mean ca/Cl mean 
(C1) (S.D.) (71) (S.D.) 
11-22- 24.36 0.34 ed 0.3388 o: 0255 06. O. 0.3388 QO. 
72 (13.49) 0.3300 0.0245 (0. 828009) is: 373) 8: 3306 33 g: 93 £3 (8: 888%) 
0.3379 0.0251 0. 0.0249 
0.3363 0.0249 0.3363 0.0248 
0.3390 0.0251 0.3390 0.0250 
0.3359 0.0250 0.3359 0.0248 
12-20 25.46 0.3694 0.0262 25.506 0.3694 0.0261 
(14.09) 0.3722 0.0264 (14.127) 0.3722 0.0264 
0.3622 0.0257 0.3622 0.0256 
12-30. 24.46 0.3350 0.0247 24.776 0.3350 0.0244 
(13.55) 0.3429 0.0253 (13.714) 0.3429 0.0250 
0.3421 0.0253 0.3421 0.0250 
1-5= 24.14 0.3252 0.0213 24.443 0.3252 0.02140 
73 (13.37) 0.3323 0.0219 (13.538) 0.3323 0.0246 
0.3292 0.0246 0.3292 . 0.0243 
1-31 24.23 0.3283 0.0245 24.522 0.3283 0.0242 
(13.41) 0.3283 0.0245 (13.573) 0.3283 0.0242 
: (12.65) 0.3510 0.0278 (12.827) 0.3513 0.0274 
0.3350 0.0245 0.3353 0.6261 
0.3374 Q,024,7 0.3377 0.0263 
2-13 22.98 0.3350 0.0263 23.173 0.3353 0.0261 
0.3317 0.0260 0.3320 0.0259 
(12.82) 0.3298 0.0257 | (12.957)° 0.3298 0.0255 
0.3300 0.0257 0.3300 ~ 0.0255 


Standard Methods 
Katz j 


GS 


% 


tt 


a 


+t 


TABLE 16B 
SITE 4 - EDTA ‘AL‘IUM 
Chlorinity Conductivity 


Date S o/oo g/kg mean Ca/Cl mean S ofoo g/kg mean Ca/Cl mean 
(C1) (S.D.) (cl) 7 (S.D.) 
* 11-22- 21.74 0.2793 0.3200 O. 0232 0.0254. 21.124. 0.2795 0.3201 0.0 0.02 
72 (12.04) 0.2773 0.0230 (0.0025) (11.700) 0 2h é : 0.0 0337 (820688) 
0.277 0.0230 0.2 0.0237 
0.2812 0.0234 0. his 0.0241 
0.2832 0.0235 0.2835 0.0242 Z 
0.2832 0.0235 0.2835 0.0242 
12-20 23.53 0.3420 0.0262 23.820 0.3427 0.0260 
(13.03) 0.3490 0.0268 (13.193) 0.3486 0.0264 
0.. 3442 0.026), 0.3439 0.0261 
12-30 22.85 0.3239 0.0256 23.149 0.3236 0.0253 
(12.65) 0.3235 0.0256 (12.813) 0.3232 0.0252 
0.327L 0.0259 043271 0.0255 
1-5- 22.50 0.308, 0.0248 22.744 0.3084 0.0215 
73° =(12.46) 0.3072 0.0247 (12.597) 0.3072 0.0237 
- 3081, 0.0248 0.3084 0.0215 
1-31 22.44 0.23142 0.0253 22.818 0.3142 0.0249 
(12.42) 0.30993 0.0249 (12.631) 0.3093 0.0245 
2-7 22.92 0.3350 0.0264 23.167 0.3353 0.0262 
(12.68) 0.3366 0.0266 (12.823) 0.3369 0.0263 
0.3350 0.0264 0.3353 0.0262 
zs 0.3383 0.0267 0.3387 0.0264 
2-13 23.03 0.3350 0.0263 23.167 0.3353 0.0263 
(12.75) 0.3390 0.0266 (12.823) 0.3393 0.0265 
0.3372 0.0265 0.3376 0.0263 
0.3317 0.0260 0.3320 10.0259 
2-26 23.60 0.3429 0.0263 23.813 0.3429 0.0260 
(13.06) 0.3458 0.0265 (13. 18h) 0.3458 0.0262 
: -  O.3HAL 0.0264 0.3444 ~ 0.0261 


Standard lfethods 
atz + 


OL 


we 
Px4 


tt 
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TABLE 1783 
SITE 5 = EDTA CALCIUM 
Chlorinity Conductivity 
Date S ofoo g/kg mean Ca/Cl mean S ofoo g/kg mean Ca/Cl 
(c1) (S.D.) (C1) 

© 11-22- 30.73 0.3576 0.3555 0.0210 0.0216 69 0.3576 0.3555 0.0211 
72 (17.02) 0.3518 0.0207 (O. 0010) Ae 80) 0.3518 0.020 
0.3537 0.0208 0.3537 0.0208 
0.3537 0.0208 0.3537 0.0208 
0.3576 0.0210 0.3576 0.0211 
0.3576 0.0210 0.3576 0.0211 
12-20 27.03 0.3408 0.0228 _27.29h 0.3408 0.0225 
(1!.97) 0.3452 0.0231 (15.117) 0.3452 0.0228 
0.3380 0.0226 0.3380 0.0224 
* 12-30 29.79 0.3564 0.0216 29.988 0.356) 0.0215 
(16.50) 0.3608 0.0219. (16.609) 0.3608 0.0217 
0.3608 0.0219 0.3608 0.0217 
1-5~ 29.60 0.39273 0.0212 29.670 0.3473 0.0211 
73 (16.39) 0.3445 0.0210 (16.433) 0.3445 0.0210 
0.34.93 0.0213 0.3493 0.0213 
1-31 29.58 0.3464 0.0211 29.786 0.3464 0.0210 
(16.38) 0.39367 0.0206 (16. re 0.3367 0.0201 
2-7 30.54 0.3426 0.0203 30.849 34,26 0.0201 
(16.91) 0.3331 0.0197 (17. 076) 0.3331 0.0195 
0.3608 0.0213 - 3608 0.0211 
0.3489 0.0206 0.3489 0.0204 
2-13 30.79 0.3830 0.0225 30.849 0.3830 0.0224 
(17.04) 0.3846 0.0226 (17.076) 0.3846 0.0225 
0.3847 0.0226 0.3847 0.0225 
0.3706 0.0218 0.3706 0.0217 
2-26 28.30 0.3594 0.0230 28.420 0.3594 0.0229 
(15.66) 0.3644 0.0233 (15.731) 0.3644 0.0232 
0.3649 0.0233 0.3649 0.0232 

‘Standard Methods 

Katz (19try 


mean 
(S.D.) 


0.0215 
7 (0.0010) 


LL 


TABLE 18B 
SITE 6 - EDTA CALCIUM 


Chlorinity Conductivity 


Date S 6/foo g/kg mean Ca/Cl mean Sofoo g/kg mean Ca/Cl 

(Site) (1) (C1) 
1-31- 36.22, 0.4084 0.4137 0.0204 
73 (B) (20.051) 0.4076 9.0203 
2-7 36.224 0.4131 0.0206 
(B) (20.051) 0.1147 0.0207 
0.4186 0.0209 
0.4202 0.0210 
2%13 36.22, 0.4226 0.0211 
(B) (30: 051) 0.4265 0.0213 
2-26 34.68 0.4072 0.4063 0.0212 0.0212 34.666 0.4072 0.0212 
(A) (19.19) 0.4046 0.0211 (0.0001) (19: 188) 0.4046 0.0211 
0.4072 0.0212 0.4072 0.0212 

Katz (196/ ) 


mean 
(S.D.) 


0.0208 
(0.0003 ) 


GL 


TABEE 19B 
SITE 1 ~ GRAVIMETRIC CAL. IUM 


Chlorinity ‘onductivity 
Date So/oo g/kg mean Ca/Cl mean S o/oo g/kg mean Ca/Cl mean 
(cl) (S.D.) (C1) (S.D.) 
h-18- 26.71 0.3450 0.3673 0.0233 0.0249 26.747 0.31450 0.3673 0.0233 0.0249 
73. (14.80) 0.3092 0.0209 (0.0021) (14.805) 0.3092 0.0209 (0.0016) 
al 0.3772 0.0255 0.3772 0.0255 
0.3787 0.0256 0.3787 0.0256 
1-23 27.31 0.3786 0.0250 27.264 0.3786 0.0251 
(15.13) 0.3809 0.0252 (15.092) 0.3809 0.0252 
4-29 27.19 0.1101 0.0273 27.320 0.4101 0.0271 
(15.05) 0.3683 0.0245 (15.123) 0.3683 0.024 
£23 27.00 0.3734 0.0250 27.074 0.3734 0.0249 
(14.95) 0.3680 0.0246 (14.986) 0.3680 0.0246 
0.3750 0.0251 0.3750 0.0250 
0.3690 0.0217 0.3690 0.0246 
0.3721 0.0249 0.3721 0.0248 
0.4113 0.0275 0.4113 0.0275 
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Date S alee 
(cl) 


TABLE 20B 


SITE 2 - GRAVIMETRIC CALCIUM 


Chlorinity 
g/kg mean Ca/Cl 


he-18- 23.82 0.3267 0.3375 0. 0248 
73. (13.19) 0.3316 0.0251 
h-21 0.2752 0.0285 
h=23 23.65 0.3470 0.0265 
(13.09) 0.3214 0.0246 

h-29 23.97 0.3hk4 = «00260 
(13.27) 0.3511 0.0265 

5-3 23.75 0.3270 0.0249 
(13.15) 0.3272 0.0249 
0.330 0.0251 

0.3301 0.0251 

0.3349 0.0255 

0.3107 0.0259 


Conductivity 
mean Ss eee g/kg mean Ca/Cl 
(S.D.) (cl) 

0.0257 23.828 0.3267 0.3371 . 02148 
(0.0011) (13.190) 0.3316 -0251 
0.3752 0.0285 

23.574 0.3470 0.0266 

(13.049) 0.3214 0.0216 

24.211 0.3444 0.0257 

(13.402) 0.3511 0.0262 

23.779 0.3273 0.02149 

(13.162) 0.3276 0.0219 

0.3308 0.0251 

0.330L 0.0251 

0.3349 0.0254 

0.3407 0.0259 


mean 
(S.D.) 


0.0257 
(C.0011) 


Ox 


S 
(23° 


22.71 
(12.57) 


23.06 
(12.76) 


(13.08) 


TABLE 21B 
SITE 3 - GRAVIMETRIC CALCIUM 


Chlorinity 

g/kg mean Ca/Cl 
0.3122 0.3472 0.0248 
0.3165 0.0252 
0.3430 0.0273 
0.3450 0.0275 
0.31469 0.0272 
0.3526 0.0276 
0.3643 0.0281 
0.3652 0.0282 
0.3532 0.0270 
0.3588 0.0274 
0.3608 0.0276 
0.3464 0.0265 
0.3492 0.0267 


mean S o/oo 
(S.D.) C1) 


0.0270 22.763 
(0.0010) (12.600) 


23.114 
(12.791) 


23.621 
(13.075) 


fees y 


(13.110) 


Conductivity 


e/ke 


mean 


QO. oaee 0.3473 a een 
65 


Ca/Cl 


0.31 0251 
0.3430 0.0272 
0.3450 0.0274 
0.3465 0.0271 
0.3522 0.0275 
0.3647 0.0279 
0.3655 0.0280 
0.3535 0.0270 
0.3592 0.0274 
0.3612 0.0276 
0.3464 0.0264 
0.3492 0.0266 


mean 
(S.D.) 


0.0269 
(0.0010) 


Ty 


S o/oo g/kg mean 
(cL) 


22.38 
(12.39) 


22.60 
(12.51) 


22.96 
(12.71) 


23.49 
(13.00) 


Chlorinity 


TABLE 22B 


‘a/Cl mean 


(S.D.) 


0.3228 0.3276 0.0261 0.0257 


0.3238 


0.3326 
0.3303 


0.3286 
0.3281 


0.3277 
0.3377 
0.3243 


0.3228 
0.3246 


0.0261 (0.0005) 


0.0266 
0.0264 


0.0259 


0.0258 


0.0252 
0.0260 
0.0250 


0.0248 
0.0250 


SITE 4 ~- GRAVIMETRIC CAL‘ IUM 


Conductivity 


So/oo e/ke mean  Ca/Cl 
(C1) 

22.657 0.3228 0.3286 0.0257 
(12.542) 0.3238 0.0258 

0.3326 0.0260 

0.3303 0.0258 
23.106 0.3286 0.0256 
(12.790) 0.3281 0.0255 
23.221 0.3280 0.0252 
(12.853) 0.3381 0.0260 

0.3247 0.0250 
23.504 0.3228 0.0248 
(13.010) 0.3246 0.0250 


mean 
(S.D. ) 


0.0255 
(0.0004 } 


c& 


“TABLE 23B 
SITE 5 ~ GRAVIMETRIC ‘ALCIUM 


Thlorinity | Conductivity 
S o/oo g/kg mean ca/Cl mean §S ors g/ke mean Ca/Cl mean 
(C1) (S.D.) (c1 (S.D.) 
31.31 0.4031 0.4133 0.0233 0. 0222 31.485 0.4031 0.4133 0.0231 0.0221 
(17.33) O.4014 0.0232(0.0016) (17.427) O.L01L 0.0230 (0.0017) 
32.75 0.4312 0.0238 33.330 0.4312 0.0234 
(18.13) 0.4397 0.0243 (18.449) 0.4397 0.0238 
34.01 0.4604 0.0245 34.156 0.4604 0.0244 
(18.83) 0.4424 0.0235 (18.906) 0.4424 0.0234 
34.68 0.3603 0.0191 34.684 0.3603 0.0191 
(19.20) 0.3678 0.0195 (19.199) 0.3678 0.0195 
0.4097 0.0213 0.4097 0.0213 
0.3912 0.0204 0.3912 0.0204, 
0.4072 0.0212 0.4072 6.0212 
0.4104 * 0.0214 0.4104 0.0214 
0. * 4287 0.0223 0.4287 0.0223 


£y 


Date 
(Site) 


4-22- 
73 (A) 


4~26 
(B) 


5-1 
(B) 


5=3 
(B) 


5=3 


S o/oo 
(c1) 


36.00 
(19.92) 


36.28 
(20.08) 


TABLE 24B 


SITE 6 - GRAVIMETRIC CALCIUM 


Thlorinity 


e/ke 


mean 


Ca/Cl 


0.4322 0.4224 0.0217 
0.4398 


0.4280 
0.4199 
0.4026 
0.4132 
0.4142 


0.0221 


0.0213 
0.0209 
0.0201 
0.0214 
0.0206 


0.0206 


Conductivity 


mean S ofoo g/kg mean (a/Cl 
(cl) 


(S.D.) 


0.0209 35.958 0.4322 0.4230 0.0217 


(0.0007) (19.903) 0.4398 


36.230 0.4168 
(20.054) 0.4317 


36.230 0.572k 
(20.054) 0.4789 


36.228 0.3241 
(20.086) 0.3191 


0.4280 
0.4199 
0.4026 
0.4295 
0.4132 
0.4142 


0.0221 


0.0208 
0.0215 


0.0285 
0.0239 


0.0162 
0.0159 


0.0213 
0.0209 
0.0200 
0.0214 
0.0206 
0.0206 


mean 
(S.D.) 


0.0211 
(0.0030) 


ute 


Date 


1-31- 


73 
2-7 


S o/oo 
(C1) 


29. 
(16. 


25. 


(14 


05 
08) 


91 


3h) 


TABLE 25B 
SITE 1 - EDTA MAGNESIUM 


Chlorinity 
g/kg mean Mg/l mean S ofoo 
 (S.D.) (C1) 

1.093 1.031 0.0680 0.0701 29.258 
1.072 0.0667 (0.0039) (16.195) 
1.063 0.0711 26.203 
1.062 0.0741 (1h. 504) 
1.098 0.0766 

1.105 0.0771 

0.9741 0.0677 26.203 
0.9679 0.0673 14.501) 
0.9521 0.0662 

0.9613 0.0669 

1.011 0.0685 26.872 
1.023 0.0693 (11.874) 
1.023 0.0693 


E 
l. 
1. 
l. 
1. 
lL. 
1. 
0. 
0. 
0. 
0. 


l. 
5 
l. 


Conductivity 


/kg mean Me/Cl 


093 1.031 0. - 0695 
O72 0662 

063 — 0.0733 
062 0.0732 
098 0.0757 
105 0.0762 
9741 0.0672 
9679 0.0667 
9521 0.0656 
9613 0.0663 
O11 0.0680 
023 0.0688 
023. 0.0688 


mean 


(S.D.) 


0.0695 
(0.0037) 


Sg 


Date S a/foo 
(cl) 


(hlorinity 


e/ke 


mean 


SITE 2 ~ EDTA MAGNESIUM 


Me/Cl 


1-31- 26.99 0.9971 0.9869 . 0668 


73, (14.94) 


2-7 25.68 
(12.21) 


2-13 25.78 
(14.28) 


2-26 25.89 
(11.38) 


0.9740 


1.001 
1.001 
1.027 
1.028 


0.9627 
0.9541 
0.9517 
0.91497 


0.9918 
0.9955 
0.9959 


-0652 


0.0704 
0.0704 
0.0723 
0.0723 


0.0674 
0.0668 
0.0667 
0.0665 


0.0692 
0.0695 


TABLE 26B 


mean S o/oo 
(S.D.) (C1) 
0.0687 27.309 
(0.0023) (15.116) 


25.975 
(14.378) 


25.975 
(14.378) 


25.062 
(13.873) 


‘onductivity 


e/ke 


mean 


Me/Cl mean 
(S.D.) 


0.9869 0.9869 nee 0.0687 


0.9740 


0.9541 
0.9517 
0.9497 


0.9918 


0.9955 
0.9959 


0644 (0.0026) 


0.0696 
0.0696 
0.0714 
0.0715 


0.0670 
0.0664, 
0.0662 
0.0661 


0.0715 
0.0718 
0.0718 


98 


Date S o/oo 
(cL) 


1-31- 24.23 


73 (13.81) 
2-7 22.86 
(12.65) 

2-13 22.98 
(12.72) 

2-26 23.16 
(12. 82) 


Chlorinity 
g/ke 


0. 
0. 


io Koko) 


9215 
8680 


- 8651 
- 8510 


- 8998 
- 9092 
- 9092 


mean 


SITE 3 - EDTA MAGNESIUM 


Mg/C1 


0.8977 0.8922 0.0669 
861, 0.0661 


0.0715 
0.0712 
0.0727 
0.0729 


0.0682 
0.0680 
0.067h 
0.0669 


0.0702 
0.0709 
0.0709 


TABLE 27B 


mean S ofoo 
(S.D.) (C1) 


Conductivity 


e/ke 


mean 


Mg/‘1 mean 
(S.D.) 


0.0695 24.522 0.8977 0.8927 0.0661 0.0689 


(0.0038) (13.573) 
23.173 
(12.827) 
23.173 
(12.827) 


23.408 
(12.957) 


0.8864 


0.8518 


0.8998 © 


0.9092 
0.9092 


0.0653 (0.0023) 


0.0706 
0.0710 
0.0718 
0.0719 


0. 0664 


0.0691, 
0.0702 
0.0702 


Ly 


TABLE 28B 
SITE 4 - EDTA MAGNESIUM 


Chlorinity Conductivity — 
Date S ofoo g/kg mean Mg/Cl_ mean S ofoo glkg mean Mg/Cl_ mean 
(C1) (S.D.) (C1) ED.) 
1-31- 22.44 O. sib 0.8630 0.0677 0.0677. 22.818 0.8 dl 0.8637 0. 0668 0.0671 
73, (12.42) 0.8305 0.0669 (0.0019) (12.631) 01830 5 ‘ 0.0658 (0.0020) © 
2.7 22.92 0.8260 0.0651 23.167 0.8268 0.0645 
(12.68) 0.6298 0.0654 (12.823) 0.8306 0.0648 | 
0.8531 0.0673 0.8540 0.0666 
0.8250 0.0651 0.8258 0.0644 
2-13 23.03 0.8713 0.0683 23. 167 0.8722 0.0680 
(12.75) 0.8642 0.0678 (12.823) 0.8660 0.0675 
: 0.8548 0.0670 0.8556 0.0667 
0.8577 0.0673 0.8581 0.0669 
2-26 23.60 0.9169 0.0702 23.813 .0.9169 0.0696 
(13.06) 0.9218 0.0706 (13.181) 0.9218 0.0699 
0.9255 0.0709 0.9255 0.0702 


88 


Date 
nacke-Zl- 
73 


2-7 


2-13 


Chlorinity 


Ss ofoo g/ke 
(cl) 


29.58 1.078 
(16.38) 1.111 


30.54 1.065 
(16.91) aioe 


30.79 


28.30 1.0 
(15.66) 1.0 
1.0 


mean Mg/Cl 


1.101 0658 


0678 (©.0022) (16.488) 1.111 


0.0630 
0.0630 
0.0643 
0.0646 


TABLE 29B 
SITE 5 ~ EDTA MAGNESIUM 


mean 
(S.D.) 
0.0665 


= 1.161 

Le LSU 
28.420. 1.083 
- (15.731) 1.082 
1.084 


S ofoo g/kg 
(cl) 


29.786 1.078 
30.849 1.065 
(17.076) 1.066 
1.087 
1.092 


30.849 1.130 
(17.076) ere 


mean 


1.101 


Conductivity 


Me/C1 


ooo OOO Oooo oo 
22 
TN 
On 


mean 
(S.D.) 


0.0661 
(0. 0021) 


6g 


TABLE 30B 
- SITE 6 - EDTA MAGNESIUM 


Chlorinity fonductivity 
Date S 0/oo g/ke mean Mg /C1 mean S ofoo g/ke mean Mg /C1 mean 
(Site) (‘1) (S.D.) (C1) (S.D.) 
1-31- 36.224 1.367 1.333 0.0682 0.0673 
73 (B) | (20.051) 1.361 0.0679 (0.0010) 
2-7 1.330 0.0663 
(B) 1.329 0.0663 
1.357 0.0677 
1.358 0.0677 
2-13 1.333 0.0668 
(B) . 1.340 0.0665 
-26 34.68 1.292 1.296 0.0673 0.0675 1.292 0.0673 
A) (19.19) 1.298 0.0676 (0.0001) 1.298 0.0677 
1.299 0.0677 1.299 0.0677 


06 


Date 


4-18- 
73 


he2l 


S o/oo 
(C1) 


26.71 
(14.80) 


27.34 | 


27.19 
(15.05) 


(27.00. 
(14.95) 


TABLE 31B 
SITE 1 + GRAVIMETRIC MAGNESIUM 


Chlorinity 
g/ke mean Me/Cl 


0.9922 0.9811 0.0670 


0.9388 0.0634 
0.9763 0.0660 
0.9687 0.0655 
0.9976 0.0659 
0.9714 0.0642 
0.9778 0.0650 
1.023 0.0680 
0.9638 0.0645 
0.9850 0.0655 
0.9901 0.0662 
0.9913 0.0665 
0.9951 0.0666 
0.9619 0.0643 


‘onductivity 


mean S-o/oo g/kg 
(S.D.) (cl) 


mean 


Me/(l mean 
(S.D. ) 


0.0656 26.747 0. oan 0.9811 . 0670 0.0655 


(0.0012) (14.805)0.9388 


0.9763 
0.9687 


27.261, 0.9976 
(15.092)0.9714 


27.320 0.9778 
(15.123)1.023 


27.074 O. 9638 


0.9951 
0.9619 


0.0634 (C.0012) 


0.0659 
0.065L 


0.0661 
0.0644 


0.0617 
0.0676 


0.0613 
0.0651 
0.0661 
0.0664 
0.0664 
0.0642 


T6 


Chlorinity 


TABLE 32B 


SITE 2 = GRAVIMETRIC MAGNESIUM 


S o/oo g/kg mean Mp/Cl 
(C1) 


23.82 
(13.19) 


23.65 
(13.09) 


23.97 
(13.27) 


23.75 
(13.15) 


0.8583 0. 
0.8719 


0.8701, 
0.8878 


0.8671 
0.8651 


0.9181 
0.9102 


0.8692 
0.8657 
0.8673 
0: 8669 
0.8702 
0.8592 — 


8609 0.0651 
0.0663 


0.0660 
0.0673 


0.0664 
0.0660 


0.0692 
0.0686 


0.0661 
0.0658 
0.0660 
0.0659 
0.0662 
0.0653 


Conductivity 


- mean S ofoo g/kg mean Mp/Cl 
(cL) 


(S.D.) 


0.0644 23.828 
(0.0011) (13.190) 


23.57k 
(13.049) 


24.211 
(13.402) 


23.779 
(13.162) 


0.8583 0.8609 0.0651 
0.8749 0.0663 
0.8704 0.0660 
0.8878 0.0673 
0.8671 0.0665 
0.8651 0.0663 
0.9181 0.0685 
0.9102 0.0679 
0.8692 0.0660 
0.8657 0.0658 

.8673 0.0659 

- 8669 0.0659 
0.8702 0.0661 
0.8592 0.0653 


mean 
(S.D.) 


0.0661 
(0.0011) 


c6 


Date 


S o/oo 
(1) 


22.71 


(12.57) 


TABLE 33B 


SITE 3 - GRAVIMETRIC MAGNESIUM 


Chlorinity 

g/kg mean Mg/Cl mean 
(S.D.) 

0.8379 0.8526 . 0667 0.0663 

0.8362 0.0665 (0.0011) 

0.8286 0.0657 

0.8192 0.0652 

0.8574 0.0672 

0.8827 0.0682 

0.8731 0.0674 

0.8505 0.0650 

0.81419 0.0644 

0.8637 0.0660 

0.8632 0.0660 

0.8684 0.0664 


S o/oo0 
(cl) 


22.763 
(12.600) 


23.114 
(12.794) 


23.621 
(13.075) 


Conductivity 
g/kg mean Mg/Cl- mean 
($.D.) 

0.8379 0.8535 0.0665 0.0662 
0.8362 0664 (6.0008) 
0.8286 0.065 
0.8192 0.0650 

0.8566 0.0670 

0.8605 0.0673 
0.8836 0.0676 
0.8739 0.0668 

0.8513 0.0649 
0.81419 0.0618 
0.8637 0.0659 
0.8632 0.0658 
0.8684, 0.0662 


t6 


Date 


h-21- 
73 


4-26 


5-3 


£8 


Chlorinity 


Sofoo g/kg m 
(cL) 


22.38 0.8392 0. 


(12.39) 0.8361 


22.60 0.8462 
(12.51) 0.8566 
0.8562 
0.8620 


22.96 0.8623 

(12.71) 0.851h 
0.7700 
0.8211 | 


23.49 0.8560 


_ (13.00) 0.8595 


0.8620 


TABLE 34B 


SITE 4 - GRAVIMETRIC MAGNESIUM 


ean Mg/tl 


8465 0.0677 
0.0675 


0.0683 
0.0691 
0.0689 


0.0663 


mean 
(S.D. ) 
0.0666 22.657 
(0.0026) (12.542) 


23.106 
(12.790) 


23.221 
(12.853) 


23.50h 
(13,010) 


Conductivity 


S ofoo g/kg mean Mg/Cl_ mean 
(cl) 


(S.D.) 


0.8392 0.8467 0.0669 0.0661 


0.8361 


0.8462 
0.8566 
0.8562 
0.8620 


0.8632 
0.8522 
0.7708 
0.8219 


0.8560 
0.8595 
0.8720 
0. 8620 


0.0667 (0.0023) 


0.0675 
0.0683 
0.0669 
0.0674, 


176 


Lw22- 
13 


L~26 


fel 


5-3 


Date 


S o/oo 
(1) 
31.31 
(17.33) 


32.75 
(18.13) 


3L.01 
(18.83) 


31.68 
(19:20) 


TABLE 35B 


SITE 5 - GRAVIMETRIS MAGNESIUM 


Chlorinity . 
g/kp mean Mg/Cl- mean S o/oo 
oD. ( C1) 
1.166 1.232 0.0673 0.0661 31.14.83 
1.141 0.0658 (0.0010) (17.427) 
1.224 0.0675 33.330 
1.212 0.0669 (18.1449) 
1.247 0.0662 34.156 
; (18.906) 
1.227 0.0652 34.68h 
1.270 0.0661 (19.199) 
1.280 0.0666 
1.256 0.0654 
1.2614 0.0658 
1.229 0.0640 
1.266 0.0659 


e/ke 
1.166 
PVE) 


1.224 
1.212 


1 e 21,7 


Fonductivity 


mean Mg/(l 


1.232 0.0669 
0.0655 


0.0664, 
0.0657 


0.0660 


0.0649 
0.0662 
0.0667 
0.0654 


O NkER 


weyvy DY 


0.0640 


mean 
(S2D,.) 


0.0658 
(0.0008 ) 


S6 


Date 
(Site) 


he22= 
73 (A) 


4-26 
(B) 


5-1 
(B) 


9-3 
(B) 


TABLE 36B 
SITE 6 ~ GRAVIMETRI® MAGNESIUM 


Chlorinity Conductivity 


S ofoo g/kg 
(C1) 


36.00 1.322 
(19.92) 1.311 


36.28 1.292 
(20.08! 1.300 
1.318 


mean Mg/Cl mean S ofoo g/kg mean Mg/(l mean 
(S.D.) (CL) (S.D.) 
1.283 0.0664 0.0654 35.958 1.322 1.297 0.0664 0.0657 
0.0658 (0.0008) (19.903) 1.311 0.0659 (0.0008) 
36.230 1.332 0.0664 
(20.054) 1.335 0.0666 
36.230 1.331 0.0664 
(20.054) 1.298 0.0647 
0.0643 36.288 1.292 0.0643 
0.0617 (20.086) 1.300 0.0647 
0.0656 1.318 0.0656 


96 


Date 
2-13- 
73 
2-26 
-23 


4-29 


d=3 


S o/oo 


(C1) 


25.98 
(11..38) 


26.69 
(14.77) 


27.34 
(15.13) 


“27.19 
(15.05) 


27.00. 
(14.95) 


TABLE 37B 
SITE 1 ~ SULFATE 


Chlorinity 

g/ke mean 80, /C1 
2.041 2.080 0.1420 
2.082 0.1409 
1.951 0.1290 
1.930 0.1276 
2.13h 0.1418 
2.215 0.1472 
2.161 0.1446 
2.123 0.1420 


Conductivity 


mean So/oo g/kg mean so, /C1 
1 


(S.D.) (cl) 


0.1394 26.203 
(0.0068) (14.502) 


26.872 
(14.874) 


27.264 
(15.092) 


27.320 
(15.123) 


27.074 | 
(14.986) 


2.041 2.080 0.1407 


2.082 
1.951 
1.930 


2.134 
2.215 


2.161 
2.123 


0.1400 
0.1293 
0.1279 


0.1411 
0.1465 


0.1442 
0.1417 


mean 
(S.D.) 


0.1389 
(0.0067) 


L6 


Date 
2-13- 
73 
2-26 
4-17 
L-23 


4-29 


5-3 


S o/oo 
(C1) 


25.78 
(14.28) 


25 89 
(14.38) 


23.82 
(13.19) 


23.65 
(13.09) 


23.97 
(13.27) 


23.75 
(13.15) 


TABLE 38B 


SITE 2 ~ SULFATE 


Chlorinity 

e/kg mean 80,/C1 
1.985 1.871 0.1390 
2.015 0.1406 
1.820 0.1380 
1.865 0.1414 
1.657 0.1266 
1.722 0.1316 
1.906 0.1436 
1.927. 0.1452 
1.851 0.1408 
1.965 0.1494 


mean S o/oo 
S.D.) (cL) 
0.1396 25.975 
(0.0065) (14.378) 


25.062 
(13.873) 


23.828 
(13.190) 


23. 57k 
(13.049) 


24.211 
(13.402) 


23.779 
(13.162) 


e/ke 


1.985 


Conductivity 
mean So, /C1 


1.872 0.1381 


0.1453 
0.1380 
0.1414 


0.1270 
0.1320 


0.1422 
0.1438 


0.1408 
0.1495 


mean 
(S.D.) 


0.1398 
(0.00/19) 


86 


Date 
2-26- 
73 
hal? 
L-23 
4-29 


5a6 


S ofoo 
(C1) 


23.16 
(12.82) 


22.71 
(12.57) 


23.06 
(12.76) 


23.39 
(12.95) 


23.62 
(13.08) 


TABLE 39B 
SITE 3 ~ SULFATE 


Chlorinity 

g/ke mean s0,/c1 
1.812 1.825 0.1413 
1.782 0.1418 
1.732 0.1357 
1.802 0.1412 
1.900 0.1167 
1.833 0.1401 
1.882 0.1439 
1.855 0.1418 


mean 
(S.D.) 
0.1416 23.408 
(0.0031) (12.957) 


22.763 
(12.600) 


23.114, 
(12.794) 


23.621 
(13.075) 


23.685 
(13.110) 


Conductivity 


S ofoo g/kg mean SO,/C1l 
(cl) ss 


1.812 1.825 0.1399 


1.782 


O.1A14 
0.1352 
0.1407 
0.1453 
0.1400 


0.1437 
0.1417 


mean 
(S.D.) 


0.1410 
(0.0030) 


66 


TABLE 40B 
SITE 4 + SULFATE 


Chlorinity Conductivity 
Date So/oo g/kg mean S0O,/Cl mean S ofoo g/kg mean 80,/C1 mean 
(C1) | (S.D.) (Cl) (S.D.) 
2-13- 23.03 1.837 1.779 0.1440 0.1389 23.167 1.837 1.779 0.1433 0.1376 
73 (12.75) (0.0033) (12.823) (0.0044) 
2-26 23.60 1.849 0.1415 23.813 1.849 0.1403 
(13.06) (13.181) 
L=-26 22.60 1.694 0.1354 23.106 1.692 0.1325 
(12.51) 1.675 0.1339 (12.790) 1.675 0.1308 
Sel 22.96 1.745 0.1373 23.221 1.71.5 0.1358 
(12.71) 1.721 0.1354 (12.853) 1.721 0.1339 
58 23.19 1.833 0.1410 23.50h 1.833 0.1409 
(13.00) 1.833 0.1410 (13.010) 1.833 0.1409 
1.823 0.1402 1.823 0.1401 


voT 


Date 


2-26- 


73 
4-26 


fal 


5-8 


Ss 


o/oo 
(<1) 


28.30 


(1 


3 
(1 


5, 
(1 


(i 


5.66) 


2.75 
8.13) 


OL 
8.83) 


4.68 
9.20) 


e/ke 


TABLE 41B 


SITE 5 ~ SULFATE 


’ Chlorinity 


mean so, /cl 


2.217 2.595 0.1416 


2.1.88 


2.625, 


2.604 


2.706 
2.741 
2.784, 


0.1372 


0.1394 
0.1383 


0.1409 
0.1427 
0.1449 


mean S o/oo 
(§.D.) (C1) 


0.1407 28.420 
(0.0027) (15.731) 


33.330 
(18.149) 


34.156 
(18.906) 


34.684 
(19.199) 


e/ke 
2.217 
2.488 


2.623 
2.601 


26 706 
2.741 
2.784. 


Conductivity 


mean so, /¢C1 
2.594 0.1409 
0.1349 


0.1389 
0.1377 


0.1410 
0.1428 
0.1450 


mean 
(S.D.) 


0.1102 
(0.0042) 


TOT 


TABLE 42B 
SITE 6 - SULFATE 


Chlorinity Conductivity 
Date S o/oo /kgz mean SO,/Cl mean S o/foo eg/kg mean SO,/Cl mean 
(Site) (tl). © we” gD.) (C4) Wh” (8.D.) 
2-7- 36.224 2.810 2.781 0.1402 0.1403 
73 (B) | (20.051) (0.0046) 
2-13 2.781 0.1387 
(B) 
26 : 36.230 2.821 0.1407 
(B) (20.054) 2.765 0.1379 
5e1 2.797 0.1395 
(B) 2.813 0.11.03 
5.8 36.28 2. 845 2.850 0.1417 0.1419 36.288 2.845 0.1416 
(B) (20. 08) 2.8 (0.1411 (0.0039) (20.086) 2.83), 0.1411 


aire 0.1430 2.872 0.1430 


cOT 


Chlorinity ; 
S.D.)* 
Site (#) ** 
1 0.55L4 
(9) 
2 0.5508 
(0.0067) 
(9) 
3 0.5555 
(0.0115) 
(10) 
h 0.5560 
(0.0105) 
(8) 
5 0.5519 
(0.0076) 
(7) 
6 0.5545 
(0.0072) 
(5 


K/Cl 
(sib) 


0.0200 
(0.0017) 
(12) 


0.0190 
(0.0020) 
(18) 


0. ae 


* Standard Deviation 
** Number of .Analyses’ 


10) 
(33) 


TABLE 1.3B 


Ion/Chlorinity Ratios 


eee 
0.0013 
(28) 
0.0246 
(0.0022) 
(27) 
0.0255 
(0.0009) 
(28) 


0.0254 
(0.0025) 
(28) 


8 OaOk. 


D.) 
we 


0.0249 
(0.0021) 
(14) 
0.0257 
(0.0011) 
(13) 
0.0270 
(0.0010) 
(13) 


0.0257 
(11) 


EDTA 
Me/Cl 
(S.D.) 

(#) 


0.0701 
(0.0039) 
(13) 


0.0687 
(0.0023) 
(1 


Mg/Cl 
S.D.) 
(#) 


0.0656 
(0.0012) 
(14) 
0.0664 


(0.0011) 
(14) 


0.0663 
ret 


youn 
(#) 
0.1394 
(0.0068) 
(8) 


0.1396, 
(0.0065) 
(10) 


tOT 


Conductivity 

ors. wig 

site te ee UH 
i 0.5531 0.0199 
(0. te ) (0.0017) 

(9 (12) 
2 0.5500 0.0190 
(0.0071) (0.0020) 

(9) (18) 
3 0.5537 0.0189 
(0.0120) (0.0020) 

(10) (13) 
h 0.5508 0.0197 
(0.0095) (0.0009) 

(8) (12) 
5 0.5517 0.0196 
(0.0059) (0.0023) 

(7) (11) 
6 0.5536 0.0198 
(0.0068) (0.0011) 

(10) (17) 


* Standard Deviation 
** Number of Analyses 


TABLE &&B . 


Ton/Chlorinity Ratios 


EDTA 
ae 
(#8 
0.0234 
(0.0013) 
(28) 


0.0208 
(0.0003) 
(11) 


ae 1 


a) 


0.0249 
6) 


e 


0.0211 
(0,0030) 
(14 


EDTA 
en 
#5 
O. tered 
(0.0 af 7) 
(13 


0.0687 
ri 


.0010 
(11) 


eet 1 
Bs 


0.0655 
(0.0012) 


(9) 


ree 
ri 


0.1389 
(0.0067) 
(8) 

0.1398 
(070067 


0.1410 
(0. 000) 


(0. 020044) 
0.1402 
ae 


HOT 


Site 


\n 


TABLE 45B 


Chlorinity Ionic Concentrations in 35 o/oo Sea Water 
EDTA EDTA 


g/kg 
(S.D.) 
10.74 
(0.13) 
10.67 
(0.13) 
10.76 
(Cc. 22) 
10.77 
(0.20) 
10.75 
(0.14) 


10.74 
(0.14) 


als, 


0.387 
(0.033) 


0.368 
(0.039) 
0.368 
(0.039) 
0.385 
(0.019) 
QO. 381 
(0.045) 


0.377 
(0.019) 


Ca-Sr 


g/ke 
* (SDs) 


O.LL8 
(0.025) 


0.169 
(0.042) 


0.1.89 
(0.017) 


0.1.85 
(0.048) 


0.412 


(0.019) 


0.405 
(0.002) 


Ca-Sr 


ghee, 
(S.D. 


0.475 
(0.040) 


0.490 


(0.021) 


0.515 
(c.019) 
0.490 
(0.010) 
0.424 
(0.031) 


0.399 
(0.013) 


"t 
(3.0) 
1.358 
(0.076) 
1.331 
(0.045) 
1 e 3 L6 
(0.074) 


15311 
(0.037) 


1.288 
(0.045) 


1.308 
(0.002) 


Me 
e/ke 
(S.D.) 
1.271 
(G.023) 


1.286 
(0.021) 


1.28). 
(0.021) 


1.290 


(0.050) | 


1.280 
(0.019) 


1.267 
(0.016) 


2.705 
(0.126) 
2.713 
(0.060) 
2.691 
(0.064) 
2.726, 


(0.052) 


2.749 
(0.076) 


SOT 


Site 


TABLE 46B 


Conductivity Ionic Concentrations in 35 o/oo Sea Water 


hee 
(S.D 


10.71 
(0.1L) 


10.65 
(0.14) 
10.73 
(0.23) 
10.67 
(0.18) 
10.69 
(0.11) 


10.72 
(0.13) 


he 
(8.D.) 


0.385 
(0.033) 


0.368 
(0.039) 


0.366 
(0.039) 


0.381 
(0.017) 


0.379 
(0.015) 


0.383 
(0.020) 


EDTA 
Ca-Sr 


ge, 


0.431 
(0.025) 


0.467 
(0.042) 


0.485 
(0.010) 


0.483 
(0.017) 


0.410 


(0.019) 


0.397 
(0.006) 


0.475 
(0.031) 


0.490 
(0.021) 


0.513 
(0. 219) 


0.487 
(0:008) 


0.422 
(0.032) 


0.403 
(0.057) 


1. 
(0.017) 


1.301 
(0.019) 


M 
g/kg 
(S.D.) 


1.269 
(0.023) 


1.286 
(0.023) 


1.282 
(0.016) 


1.280 
(0.045) 


1.275 
(0.016) 


1.273 
(0.016) 


2.691 
(0.130) 


2.708 
(0.095) 
2.731 
(0.058) 
2.666 
(0.085) 
2.716 
(0.081) 
2.718 
(0.089) 


90T 


Date 


_ kel7=73 


~22 
4-24 
he25 
= 30 
5=1 
5=3 


Tse 
30.0 
32.0 
30.0 
30.0 
30.0 
30.0 
30.0 
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TABLE 4,7B 


SPENCER REFRACTIVE INDEX 
(Sodium D line) 


Site. 
1 2 2 4. 5 6 


1.3370 1.3367 1.3365 


1.3362 1.3379 1.3383 


1.3371 1.3366 1.3365 

1.3367 1.3382 
1.3373 1.3368 1.3368 

1.3367 1.3383 1.3385 
1.3371 1.3368 1.3367 1.3366 1.3379 1.3381 


TABLE §8B 


Refractive Index of Sea Water* 
(Riley, 1965) 
S 0/oo Temperature (°C) 
0 5 10 15 20 25 

O 1.3.3395 1.3 3385 1.3 3370 1.3 3340 1.3 3300 1.3 3250 

5 3500 3485 3465 3435 3395. 3345 
10 3600 3585 3565 3530 3485 3435 
15 3700 +=: 3685.—'(isi3860.—(iRSC(i3SBO35RS 
20 3795 3780 3750 3715 3670 3620 
25 3895 3875 3845 3805 3760 3710 
30 3991 3966 3935 3898 3851 3798 
31 = 4011 3985 3954 3916 3869 3816 
32 4,030 4004 3973 3934 3886 3834 
33 LOL9 14,023 3992 3953 3904 3851 
34 1.068 LOL2 4011 3971 3922 3868 
35 4,088 4061 4030 3990 3940 3886 
36 4107 L080 LOLS 4008 3958 3901, 
37 4127 4099 ~—- 1,068 1,026 3976 3922 
38 L146 4118 4086 LOLA, 3994, 3940 
39 4166 4139 4105 4062 4012 3958 
40 (4185) (4157) (4124) (4080) (4031) (3976) 
41 (4204) (4176) (4143) (4098) (4049) (3994) 


* Sodium D line 


TABLE 49B 


Refractive Index at 30 °C and 32 °c * 


S o/oo 30 


20 1.3 
25 

30 

35 

37 


* Sodium D line 


°C 


3590 
3680 
3740 
3810 
3860 


32 °C 


1.3 3580 
3665 
3730 
3800 


3845 
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FOREWORD 


The original objective of this study was to apply accepted methods 
for measuring the amounts of chlorophylls a, b, and c in sea water to the 
measurement of these substances in the lagoonal waters of the Indian River, 
in a manner that would permit these determinations to be made an integral 
part of the routine analyses being made by the Oceanography Department 
of the Florida Institute of Technology. Although this objective has not been 
attained, the study has shown that phaeophytins, which are the degradation 
products of chlorophylls, are present in unexpectedly large amounts, while 
the chlorophylls are present in rather small amounts. 

The Indian River is a classical lagoon, divided into a series of 
large shallow pools by man-made causeways but all connected by the 
Intracoastal Waterway. Its waters are saline, having essentially the same 
chemical structure as the ocean, but diluted and modified by run-off from 
the narrow rim of land around it. Although it is frequently called estuarine, 
its connection with the sea is so remote and tenuous that tidal effects are 
negligible. It appears that evaporation nearly equals rainfall and run-off, 
so that there is little net transport out of the lagoon. 

This study was supported by a grant from the Kennedy Space Center, 
National Aeronautics and Space Agency, grant number 10~-015-008, 1972. 
The original impetus for this study came from classroom remarks by Drs, 


James A, Lasater and Kerry Clark, and I was much assisted by discussions 


with them during the study. Grateful appreciation is given Dr. T. A. 
Nevin, who listened carefully to my frequent problems and gave much 


assistance and shrewd advice. 
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I, INTRODUCTION 


In 1936, Kurt Kalle reported the use of spectrophotometry as a 
means of measuring the concentration of plant pigments in sea water. 
Subsequent developments throughout the world resulted in a growing 
pecoenidon that the concentration of chlorophylls in sea water was pro- 
portional to the total autotrophic metabolism occurring in the water, | 
hence could be used as a direct measurement of sea water productivity. 

In 1952, F. A. Richards with T. G. Thompson (1) determined the spec- 
trophotometric values of chlorophyll a, b, and c, from a series of puri- 
fied extracts and then developed a set of simultaneous equations (trichro- 
matic equations) by which the chlorophyll content of sea water could be 
computed, With a technique and a standard of measurement thus provided, 
many other groups used chlorophyll content as a measure of biological 
productivity. As refinements in the procedure were developed, it was 
determined that the original trichromatic equations required modification. 
A new set of equations, reported by T. R. Parsons and J. D. H. Strickland 
in 1963 (2) were based on newer and more exact values for specific absorp- 
tion, and became an accepted basis for computing chlorophyll content. There 
still remained many variables in the preparative procedures in use, the 
effects of which were unknown. For instance, it was suspected that the 
various filter papers and filtration procedures in use might give consider- 
able difference in results obtained, because of variations in retention of 
extremely small plant cells, or in the rupturing of delicate cells with 


n.b. References are numbered serially, in the order of their first appearance. 
The serial number, in parentheses, follows the author's name, 


subsequent loss of the cell contents. Similar variations in procedurcs 
for extraction of chlorophyll, centrifugation, light frequencies to be used, 
and times to be allowed for extraction were in need of investigation and 
standardization. In 1963, the International Council for the Exploration 
of the Sea (ICES) and the Committee on Oceanography of the United States 
National Academy of Sciences each established small groups of experts 
to consider possible standardization of methods for determination of 
.photosynthetic pigments in sea water. Dr. T. R. Parsons, then with the 
Scientific Committee on Oceanographic Research (SCOR) of the United 
Nations Educational, Scientific & Cultural Organization (UNESCO) was 
appointed convenor of the ICES Working Group. This working group be- 
came known as SCOR-UNESCO Working Group #17. The report of this 
Group (3) was published in 1966 and proposed a "Tentative Standard Meth- 
od" of procedures to be foilowed. Also in 1966, the U.S. National Academy 
of Sciences, through their Biological Methods Panel of the Committee on 
Oceanography (4) reviewed this field again, and confirmed the recommen-— 
dations of the SCOR-UNESCO Working Group. Neither the International 
Council for the Exploration of the Sea (ICES), nor the National Oceanographic 
Data Center (NODC) has agreed to accept the recommendations of the SCOR- 
UNESCO Working Group as international standard procedures, although the 
“Tentative Standard Method has become the guideline for much current 
work, 

Chiorophylis d and ¢ have been described and their structures par- 


tially elucidated. They are present in very small quantities and their 


characteristics are poorly known, They are usually ignored completely. 
Many other colored plant pigments have been isolated and identified. Of 
_these, only the carotenes and xanthines, yellow and brown colored sub- 
stances respectively, are usually present in large enough quantities to 
make their measurement rewarding. Investigators recognize a need to 
include these substances in their calculations, and simultaneous equations 
were developed by Richards with Thompson (op. cit.) to compute their con~ 
centration in sea water. The SCOR-UNESCO Working Group #17 report 
does not contain any equations for these substances, but notes a need for 
better specific absorption values and preparative procedures, The amounts 
of these substances in sea water are quite small, while the uncertainties 
in their measurement are quite large, so that their computation is now 
seldom included in routine procedures, although their identification and 
quantification is an important phase of much current research. 

More recent work has tended to de-emphasize the use of the tri- 
chromatic measurements for routine field work, noting that chlorophyll a 
is usually present in preponderant amounts, and that chlorophylls b and c 
have large uncertainties connected with their calculations. Several authors 
have proposed equations for chlorophyll a only. 

Others, noting the large amounts of blue-green algae in shallow 
tropical waters, have proposed measurements for chlorophylls a and c, 

Cc. J. Lorenzen, (5) has noted that estuarine waters frequently contain 
large amounts of phaeophytins, the brown~-color ed break-down products 
of chlorophyll, and has proposed a pair of equations to measure the amounts 


of chlorophyll and phaeophytins. There appears to be no generally accepted 


simple procedure available at the present time. 


Il. OBJECTIVE: A SIMPLIFIED FIELD PROCEDURE FOR CHLOROPHYLL 
DETERMINATION 


The saline waters of the Indian River in Brevard County, Florida 
are frequently called "highly productive", and it was thought that a large 
portion of this productivity was in the form of the minute algal cells com- 
monly referred to as phytoplankton. If this were so, then the chlorophyll 
levels in the river should be high, and the usual chlorophyll measurement 
methods used for sea water should have direct application to the Indian 
River, But these procedures, especially the use of the trichromatic pro~ 
cedure, are rather lengthy. Further, they require the use of very precise 
spectrophotometers, such as the Beckman DU or the Unicam 600, which 
are not suitable for rough field use. 

The objective of this study was to apply one or more of these pro- 
cedures to the determination of chlorophylls in the Indian River, and to 
attempt to develop a simplified procedure that could be used routinely in 
the various investigations of lagoonal waters being carried out at the 


Florida Institute of Technology. 
Ul. THE TRICHROMATIC EQUATION APPROACH 


A. General 
The procedure initially attempted was the ''Tentative Standard 
Method for Determination of Chlorophylls in Samples of Sea Water", pro- 


posed by the SCOR-UNESCO Working Group #17, The ‘Tentative Standard" 


procedure is essentially that proposed by Richards with Thompson in 1952, 
modified by Parsons and Strickland in 1963 and published as Strickland and 
Parsons, "A Practical Handbook of Sea-Water Analysis" (1968) (6). The 
modifications consist of 1) substitution of filtration using Millipore filters 
for the continuous flow centrifugation described by Richards with Thompson, 
and 2) a complete revision of the equations used to compute chlorophyll 
weights, 
B. Filtration 

The first of these modifications, the use of Millipore filters for 
concentration of phytoplankton, was recognition of the availability of a new 
material that provided an easier, quicker and cheaper means of separating 
out phytoplankton from large volumes of sea water. Other workers pro- 
posed other kinds of filters (paper, glass fiber) and various filtering aids, 
for it was found that filters frequently clogged with small volumes, and 
extended filtration times were necessary to get adequate samples. Asa 
part of the discussions leading up to the ‘Tentative Standard"', G. F. Hum- 
phrey and M. Wooten (7) made an extensive test of many kinds of filters 
and filtration procedures, Their findings confirmed the usability of Milli- 
pore filters, and that a number of other filters and filter papers were 
comparable in results, Accordingly, the "Tentative Standard" recommends 
filtration as the method of concentration, but does not recommend any spe- 
cific filter. The choice of Millipore filter, Type RA (1.2 1) as currently 
used at F.I.T., is compatible with the findings of Hawiparey. and Wooten. 
C. Trichromatic Equations 

The second modification, the revision of the trichromatic equations, 


was based on later values of specific absorption coefficients. The first 


chlorophyll a and b values were based on work by Zscheile (8) in 1934 and 
Zscheile, Comar and Mac Kinney (9) in 1941, wherein the chlorophylls had 
been separated and purified by chromatography, dried to crystalline form, 
and then redissolved in diethyl ether to determine their specific absorption 
coefficients; Subsequent work by these and many others demonstrated that 
chlorophylls that had been dried in preparation had absorption spectra that 
differed from those that had never been dried. Koski and Smith, 1948 (10) 
postulated isomeric changes in configuration during drying as a possible 
explanation for such a shift. Smith and Benitez, 1955 (11), in their ex- 
tensive monograph on chlorophylls, discuss their findings and cite those 
of many others, then conclude: 

"Since the specific absorption coefficients of chlorophyll which has 

been isolated and dried may differ from samples which have not been 

so treated, it is preferable for analytical purposes to use a standard 

which has not been isolated in the pure state, '' 
Parsons and Strickland (2) in 1963 reviewed the work to that time, made 
their own determinations based on never-dried chlorophyll in 90% acetone 
and compared their results with those recently obtained by others. They 
adopted values obtained by Vernon, 1960, (12) for chlorophylls a and b, 
and the values of Jeffrey, 1962,(13) who had succeeded in isolating, crys- 
tallizing and measuring chlorophyll c. The new values had the effect of re- 
ducing the computed value for chlorophyll a by about 25% and for chlorophyll 
c¢ by about 50% from those computed by Richards with Thompson (1). 

The SCOR-UNESCO Working Group in June, 1964, reviewed all of 

the published values for never-dried chlorophylls, and arrived at a con- . 
sensus by averaging the highest values obtained by recognized analysts. 


From these averaged values, revised coefficients were computed for the 


equations, and included in the Tentative Standard Method", These values 
vary only slightly from those proposed by Parsons and Strickland (2) and 
do not materially alter the relationships among the three chlorophylls. 
Although not officially accepted as standard, they are in widespread use 
today, and have been accepted for use by the U.S. National Academy of 
Science. 

D. Procedure 

Briefly, the ''Tentative Standard Method" calls for the filtering of 
a volume of sea water sufficient to contain about 1 pg of chlorophyll a (this 
implies a preliminary testing to determine sample size), using a filter 
covered by a thin layer of MgCOg (about 0.1 mg). The damp filter is 
placed in a glass pestle homogenizer, 3 milliliters (mls) of 90% acetone/ 
water (v/v) added, and is then ground at 500 rpm for 1 minute. The ground 
material is poured into a centrifuge tube, and the mortar and pestle washed 
two times with 3 mls of acetone, the washings being added to the centrifuge 
tube. The total volume of the acetone should be about 10 mls. The tube is 
centrifuged for 5 minutes at 5000 x g. to clear the extract. The clear su- 
pernatant fluid is decanted into a graduate and diluted to a convenient volume, 
usually in this study, 15 mls. 

Using a spectrophotometer with a band-width of 3 nm. or less, and 
cells with a light path length of 4 to 10 centimeters, the absorbance of the 
extract is read at 750, 663, 645 and 630 nm. against a 90% acetone blank. 
Subtract the absorbance at 750 nm. from the absorbances at 663, 645 and 
630 nm. and divide these absorbance values by the length of the light path 


of the cell in centimeters. Denoting these values as eggs, €g45, and eg3q, 


the concentration of the chlorophylls, inyg/ml, are given by the following 


trichromatic equations; 


Chl a = 11. 64 (egg3) - 2.16 (ega5) + 0.10 (e630). 


Chl b = ~3. 94 (egg3) + 20. 97 (eg45) ~ 3.66 (e830) 


Chl ¢ = -5,53 (€g63) ~ 14.81 (egas) + 54. 22 (€g30)- 


To convert pg/ml to pg/1 (=mg/ m?), multiply the computed values 
by the volume of the extract, in milliliters, and divide by the volume of the 


original sample in liters, 


E. Testing a Field Spectrophotometer 

Most of the work reported in literature has been done with either 
a Beckman DU, or a Unicam 600 Spectrophotometer, both of which are 
capable of being set to within 1/2 nm. of a desired wavelength with both 
accuracy and precision. The Bausch and Lomb Spectronic 20 spectro- 
photometer is a small, light weight, low cost instrument which had pre- 
viously been selected for field use in other work. The Beckman DU has 
an adjustable slit, which was set at 0.3 to 0.6 mm for most of this study, 
(approximately 3 nm.) while the Spectronic 20 had a fixed slit width of 20 
nm. There was an obvious need to compare the two instruments and to 
determine whether field measurements taken on the Spectronic 20 could 
be converted to values comparable to the Beckman DU values being re- 
ported by others. 
(1) Selection of Wave-length Settings 

The Bausch and Lomb Spectronic 20 instrument is graduated in 5 


nm. increments, and the graduations are rather close together, so that it 


is neither accurate nor precise at the 1 nm. level of setting. One may set 
it toa5nm. graduation mark with considerable precision. The peak of the 
spectral curve for chlorophyll a has been variously reported as 665, 664 or | 
663 nm., but both Vernon and Jeffrey did their work at 663 nm. The SCOR- 
UNESCO Working Group recommended 663 nm. without comment concerning 
its selection. The difference in spectral energy, hence peak height, between 
663 and 665 nm. is very small. While the peak is quite steep, it never-the- 
less is rounded in the 663-665 nm, region, which accounts for the several 
wave lengths used. It also serves to make any error created by the use of 
665 nm. instead of 663 nm. very small. The Spectronic 20 has a fixed slit 
width of 20 nm., which is wider than the entire peak of spectral energy for 
chlorophyll a, The difference in absorption readings between settings of 
665 and 663 was less than the variations between successive absorption 
readings of the same sample at a fixed wave length setting. Since a differ- 
ence in accuracy between the two settings could not be demonstrated, this 
study used a setting of 665 nm. in order to take advantage of the precision 
available in the use of a fixed index mark. 
(2) Test Procedure 

A series of three chlorophyll extractions from the leaves of hibiscus 


(Hibiscus chinensis) were made. For each of these extracts, 5 grams of 


fresh leaves were ground in a Waring Blender for 5 minutes in 100 mls of 
90% acetone, then the homogenate was centrifuged to separate the plant 
residue, The supernatant liquid was decanted, and diluted with additional 
acetone to a final volume of 200 mls for further use. The initial extracts 
were too dense to be read directly, so a dilution curve was set up to deter- 


mine those concentrations which would give absorption values lying between 


10 


0.05 and 0.8, as recommended by several authors. The exploratory curve 
demonstrated that a 1:1 (50%) dilution gave an absorption reading of 1.05 on 
the Beckman, thus setting the upper limit. The selected dilutions were 50%, 
40%, 30%, 20%, 10%, and 5% of the extract in 90% acetone. The three di- 
lution series thus derived were measured on both the Spectronic 20 and the 
Beckman DU-2 at 665, 645, and 630 nm. Samples were measured in matched 
1 cm square flint glass cuvettes in the Beckman DU-2. Samples in the Spec- 
tronic 20 were measured in matched, 13 mm outside diameter, cylindrical 
flint glass cuvettes, having approximately a 1 cm light path inthe beam foi 
the instrument slit. The three sets of values were averaged for each of the 
3 wave lengths. The average values are shown as Table 1, and plotted as 
Figs. 1, 2, and 3. The complete data and the computed results, using the 


trichromatic equations, are included in Table 1, Appendix A. 


Spectronic 20 Data 


% 
665 nm. | 645 nm. | 630 nm. 


Table 1. Mean absorption values for chlorophyll extracts from 
Hibiscus leaves. 


(3) Results 
The data from the Beckman for each frequency could be fitted toa 


straight line with a maximum error of 3% of the observed value. Data from 
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12 


the Spectronic 20 revealed a curve at 665 nm. and a lesser curve at 645 nm.,, 
while at 630 nm., a straight line fitted as well for the Spectronic 20 as it did 
for the Beckman. It was observed that at 665 nm., for absorption values from 
0.05 to 0.3, the data fitted a straight line with no measurable error, At 0.4 
absorption, the error was slightly over 3% of observed value, 

The sensitivity of the two instruments is not the same, so their re- 
sponse curves lie at different angles. Again using the Beckman as the ref- 
erence, the Spectronic 20 gives lower absorption values than the Beckman at 
665 nm., but higher values at 645 and 630 nm, This results in Spectronic 20 
computed values for chlorophyll a that are lower than the Beckman DU, and 
higher values for chlorophylls b and c, For chlorophyll a the Spectronic 20 
values are from 55% to 67% of the Beckman values. For chlorophyll b the 
Spectronic 20 data is from 240% to 270% higher and for chlorophyll ¢ from 
255% to 377% higher. The inversion of sensitivity and the extreme variations 
found in the Spectronic 20 computed results appear to rule out its use for 
_ measuring and reporting the three chlorophyls as separate entities. 

In computing the total chlorophylls in a sample, the situation appears 


to be slightly different. Total chlorophyll is given by the equation: 


f Total chl = chla + chlb +chlce 


The lowered chlorophyll a results will be offset by the higher chlorophyll 
b and c values. In addition, chlorophyll a is normally present in quantities 
4 to 5 times greater than chlorophyll b, and up to 10 times greater than 


chlorophyll ¢. Analyses of the total chlorophyll values computed from the 
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Fig. 1 Mean absorption values for chlorophyll extracts from Hibiscus 


leaves, at 665 nm, 
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Fig, 2 Mean absorption values for chlorophyll extracts from Hibiscus 


leaves, 
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Fig. 3 Mean absorption values for chlorophyll extracts from Hibiscus 
leaves, at 630 nm. 
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two instruments shows that they are indeed more nearly alike than are the 
individual chlorophyll values, but the mean values still differ by more than 
18% and the range of variation is 27%. Determining a correction factor under 
these conditions does not appear feasible: Accordingly, attempts to use the 
trichromatic equations to determine the three major chlorophylis separately 
were abandoned, on the grounds that the field equipment available would Hoe 


support the effort. 


IV. DETERMINATION OF CHLOROPHYLL AGAINST A STANDA 
A. Selection of a Standard 

Determination of a single chlorophyll (eg. chlorophyll a ) in a sample 
at a single wavelength is within the capability of the Spectronic 20, provided 
that some form of absolute value or standard measurement is available for 
comparison, This is the usual method of operation for the Spectronic 20. 
A number of procedures have been proposed, from colorimetric standards 
made up from highly colored inorganic salts to gravimetric determinations © 
of the amount of magnesium in the sample. The method described by Smith 
and Benitez (11) is based upon colorimetric determination of the amount of 
magnesium in solution using Titan yellow (Clayton's yellow) dye. They 
ascribe the development of the Titan yellow procedure to Koski and Smith 
(ref. 10), and state that it is more rapid and sensitive than the gravimetric 
methods, It is also one of 3 major methods described in "Standard Methods 
for the Examination of Water and Waste Water" (14), Because it is colori~_ 
metric in character, and its interpretation is based upon a set of dilutions 
derived from a known "standard" solution, measured at the same time as 


the unknown samples, it is particularly well adapted for the Spectronic 20. 


Smith and Benitez used this method with solutions of the various 
chlorophylls after separation and purification, so that they had no need for 
the simultaneous equations, although they did state the mathematical foun- 
dation for such equations. The separation of chlorophylis a, b, and c from 
natural water samples is a long and laborious chromatographic procedure, 
not suited to the routine field procedure that is the object of this study. How- 
ever, it appeared that the magnesium determination of a few mixed chloro- 
phyll samples in a laboratory might permit the estimation of many samples 
of similarly mixed chlorophyll samples in the field. More specifically, if 


it could be shown that the amount of chlorophyll in the river was reasonably 


constant for any given day of sampling, then samples from a wide area could | 


be measured for absorption, but only a few, representing the extremes and 
middle values of absorption would need to be analyzed for magnesium in order 
to establish an absolute value for the absorption curve for that day. 
B. Procedure 

It is necessary first to release all of the magnesium ions from the 


chlorophyll molecules and convert them to sulfates. This is done by evap- 
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orating a known sample volume of chlorophyll extract to dryness, and digesting 


the organic material with sulfuric acid. The resulting carbonaceous residue 
is ignited, converting the mineral salts to oxides in the process, These are 
converted to sulfates by treating again with sulfuric acid and evaporating to 
dryness. The resultant salts are taken up with dilute sulfuric acid and dis~- 
tilled water and transferred to a 25 ml graduate, washing the crucible care- 


fully with additional small aliquots of distilled water and adding the washings 


17 


to the graduate, Two milliliters of a 1% solution of soluble starch are added 
to give stability to the magnesium lake formed by the Titan yellow dye, Next, 
5 mls of a saturated solution of calcium sulfate are added, to assure that the 
dye solution is completely saturated with calcium. The calcium ion also re- 
acts with the Titan yellow dye and thus is an interfering ion, but its reaction 
saturates at low levels of color change. The addition of excess calcium toa 
blank and to all other samples assures that its effect will be the same on all 
solutions measured, and the effect can be subtracted from the magnesium 
reaction by subtracting the reading of the blank from all other readings. In 
the case of the Spectronic 20, this subtraction is most easily done by resetting 
the machine to zero absorption using a calcium~saturated blank. As a matter 
of procedural caution, the absorption of the blank should always be read against 
a distilled water blank and the reading recorded. In this study, the blank had 
an energy absorption value of 0.220 to 0.280 when the test was working prop - 
erly. Higher values were a clear indication of contamination in some part of 
the procedure, and caused an immediate halt to further measurements until 
the source could be found and corrected. A much lower value was an indication 
that the test dye solution had lost its effectiveness and needed to be replaced. 
One milliliter of an 0.125% solution of Titan yellow in distilled water 
is added to each graduate, and the graduates brought to a volume of 23 mls 
with distilled water. Two milliliters of 2.5 normal sodium hydroxide are 
added, and the graduate shaken to assure complete mixing. As the solution — 
goes from acid to basic, it changes color from straw or light brown color 


to magenta red, the amount of change being a function of the calcium and 
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magnesium present. If a test solution contains more than 1 mg of magnesium, 
a floc of magnesium hydroxide may form. Vigorous shaking for up to 5 are 
utes may cause the floc to break up and the solution to clear. If it does not 
clear completely, this test solution must be abandoned and a more dilute 
sample tried. A sample containing 2 mg of magnesium could not be cleared 
by shaking. . 

A standard dilution curve based upon known amounts of magnesium is 
made up and measured at the same time that chlorophyll samples are being 
measured. The absorption values versus the weights of magnesium from the 
standard dilution curve are plotted on a graph and the results of the chloro- 
phyll samples are then read as weights of magnesium, To derive the total 
weight of chlorophyll, the weight of magnesium is divided by its gram-molec- 
ular weight na multiplied by the gram-molecular weight of the chlorophyll 


molecule, 


Wt of Chl = (Wt of Mg" ’) x (gram-mol wt of chl) } 


(gram~-mol wt of Mg rh \ 


\ 
+ 


In this study, a gram~molecular weight of 902 was used for all chlorophylls. 
Although each chlorophyll has a different gram~molecular weight, the differ= 
ence between them is approximately 1%, and chlorophyll a at 901, 92 is in the : 
middle. The gram-molecular weight of magnesium was taken as 24 grams. 

A detailed procedure for the magnesium determination of chlorophyll 
is contained in Appendix B. 
C. Results 


A test of the magnesium colorimetry procedure was made to 


determine the appropriate limits of concentration for the standard dilution 
curve, Jt was found that quantities of magnesium greater than 2 mg pro- 
duced a magnesium hydroxide floc that could not be dispersed, rendering 
any colorimetric reading invalid. At the other end of the scale, quantities 
less than 0.02 mg were barely detectable on the Spectronic 20, Accordingly, 
amounts of 0.02, 0.05, 0.1, 0.2, 0.4, 0.8 and 1.0 mg were chosen for the 
standard calibration curve. 

On 5 successive laboratory days, standard calibration curve sets 
were made up and measured on the Spectronic 20. On each day, at least 
three series of readings were taken, The series of readings were averaged 
and the averaged values plotted. The plots showed excellent repeatability 
from day to day. All data for the 5 tests were then averaged to give a single 
set of values for a representative standard calibration curve. These data: 
and the percent variation from the averaged values are shown in Table 2, 
Appendix A, The data are plotted - Figure 4. 

It is readily apparent from the graph that the lowest value (0.02 mg) 
does not fit with the rest of the data. The variation of the measurements 
for this value (55%) would indicate that the Spectronic 20 is not usable for 
readings below absorbancies of 0.2, Other test data, not included in Table 
2, showed that the magnesium test begins to saturate when the magnesium 
content of the sample approaches 2 mg, At larger values, the magnesium 
hydroxide floc renders the test invalid. It is recommended that the Spec- 
tronic 20 be used for magnesium determinations only in the range 0.05 to 


0.8 mg of magnesium, 
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Fig. 4 Standard Curve for colorimctric determination of Magnesium, using 
the B & L Spectronic 20. 


21 


Using a weight of 902 grams per mole for chlorophyll a, between 3 mg 
and 30 mgs of chlorophyll would be required to provide the weight of magn esium 
recommended above. On the basis of the chlorophyll absorption readings on the 
Beckman DU~-2 spectrophotometer, it would take all of the chlorophyll from 10 
liters of river water to get a magnesium sample large enough to fit the criteria 
above. Processing a sample of such size is not compatible with routine field 
operations, at least as now conducted. 

D. Some Additional Considerations 

Several problems connected with the magnesium procedure are worthy 
of noting: 

(1) The first concerns the method of digesting and ashing the chloro- 
phyll to release the magnesium as an inorganic salt. Smith and Benitez evap- 
orated an ether extract of chlorophyll to dryness, then digested the organic. 
material with 5.0 mls of dilute (0.03N) sulfuric acid which was also evaporated 
to dryness. As the solution passes from sulfuric acid to sulfur trioxide fumes, 
the organic material is reduced to a carbonaceous residue which must then be 
ashed at red heat to remove the carbon. The thick viscous liquids that result 
late in both stages of drying frequently spatter, losing part of the sample, 
unless they are evaporated very slowly over low heat, Such evaporations have 
required up to 3 hours per stage, making this a slow and tedious process, Fur- 
ther, during the ashing process, a small bead of molten salts frequently forms 
and fuzes to the porcelain crucibles if the temperature becomes too high. To 
prevent this kind of loss, ashing was carried out at 1200°F (808°C), dull red 
heat, but complete oxidation of the carbonaceous residues frequently took 6 


hours, Platinum crucibles ignited at 1000°C (1800°F) developed hard glassy 
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coatings that proved insoluble in either concentrated nitric or hydrochloric 
acids, even when heated. 
(2) Dissolved Magnesium in Lagoonal Waters, The second problem 


arises from the high concentrations of magnesium dissolved in the river waters. 


The Millipore filters, even when sucked to near dryness on the vacuum filter hol- 


der, retain significant amounts of the river salts and hence of magnesium. Pro- 


cedure blank filters, made with already-filtered river water, gave magnesium 


readings nearly as great as the chlorophyll samples, and occasionally gave higher 


readings. Brief rinsing under vacuum with a little distilled water was attempted 
but did not appreciably lower the blank value, while chlorophyll values that were 
already at the lower threshold of detection were still further reduced by the rin~ 
sing. In view of the other inadequacies of the magnesium determination, this 
problem was not pursued further. A possible avoidance of this problem lies in 
the use of a diethyl ether extraction step following the initial acetone extraction 
' and centrifugation. The ether is then removed by evaporating nearly to dryness, 
flushing the dish with chloroform and evaporating nearly to dryness 3 dies to 
remove all of the ether, then taking up the chlorophyll in chloroform. Inorganic 
magnesium salts are insoluble in chloroform, and so will not be transferred in 
the final chloroform extract, The procedure is tedious and must be performed 
in an exhaust hood, It is not suitable for routine analyses. 

It is also worth noting that magnesium is the 5th most abundant element 
in the ocean (Riley & Skirrow, 16). Tests by other workers have shown that 
it is present in the Indian River in the same proportion to salinity as it is in 


the ocean. Thus, if the oceans have 1350 mg/l of magnesium at 35°/oo 
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salinity (Riley & Skirrow, op. cit.) then the Indian River can be expected to 
have 1002 mg/] at a salinity of 26 °/oo, a value often found in the river. It 
would seem to follow that the amount of magnesium that might be contributed 
by decaying chlorophyll would be negligible compared to the amount already 
present. 

(3) A Possible Effect of Turbidity. An Indian River water saniais 
was taken on a day of high winds and waves. The sample, taken from near 
the middle of the river, was very turbid. The filter began to block at about 
300 mls, and at 400 mls was nearly completely blocked. The filtering was 
interrupted at 500 mls, a new filter installed and a second 500 mls run through 
it. The two filters were dissolved, ground and centrifuged as one in order to 
get a one liter test sample. A parallel sample from the Banana River was clear 
enough to be filtered in a single pass, The two samples gave nearly identical 
readings for chlorophyll on the Spectronic 20 but differed by a factor of 10 in 


magnesium content, 


A. B. 
Chlorophyll by Chlorophyll by Ratio 
Sample Spectrophotometry Magnesium B:A 
Banana River 265 yig/1 371 pg/1 1.4:1 
(clear) 
Indian River 267 ag/l 4083 pg/l 15,321 
(turbid) 


Table 2, Comparison of Clear vs Turbid Water Samples 
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Some part of the difference in the magnesium determination can be ascribed 
to the second filter used on the Indian River sample, but the effect should 

not be greater than twice the total weight of magnesium reported for the 
Banana River sample, even if all the magnesium from the river water were 
adsorbed onto the filter instead of coming from the chlorophyll. On the other 
hand, the turbid particles are clay~sized, and clays are known to have very 
high adsorption abilities, Magnesium is known to be selectively exchanged 
for calcium on sedimentary clays and to adsorb onto clays (Horne, 17; 
Martin, 18). It is possible that the turbid particles in the Indian River are 
adsorbing magnesium from the water, and that either the mechanical grinding 
operation or the suspension in 90% acetone, or both, desorbs the magnesium, 
so that turbid samples will always give results that are unreasonably high. 

If so, then turbid samples will have to be treated by the chloroform extraction 
procedure outlined above, 

(4) Filtration and Centrifugation. Long filtering times and filter 
blocking are well-known problems in oceanographic work, Richards with 
Thompson (1) originally recommended a continuous-flow centrifuge for sam- 
ple separation, but improved filters and filtration procedures caused a swing 
away from centrifugation. Recently, a simple inexpensive continuous flow 
centrifuge has been built around a Waring Blender by J. F. Kimball and 
E, J. Furgeson-Wood (15), With it, oceanographic samples are routinely 
processed at the rate of 1 liter per 8 minutes. Experience in this study in- 
dicated that centrifugation followed by filtering should take about 15 minutes 


per liter sample, where direct filtering frequently took an hour, One very 
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turbid sample required 3 changes of filter, and took an hour and a half to 
complete, Whether centrifugation is used or not, the sample should always 
be filtered to assure that all the algal cells are collected. It is recommended 
that a small continuous-flow centrifuge be used whenever samples show tur- 
bidity. 

(5) Storage of Solutions. Another problem arose when a steadily 
increasing absorption value of the blank was detected. It was traced to a 
solution that had been stored in an ordinary glass (lime-soda glass) bottle. 
At this point, all solutions were made up fresh and stored in borosilicate 
glass (Pyrex or Kimax) that had been leached for 24 hours with concentrated 
hydrochloric acid. Secape in Pyrex for up to one month did not contribute 
to increasing magnesium background absorption. Storage of any solution 
beyond one month is not recommended, Solutions of Titan yellow indicator 
dye are not stable beyond one week, regardless of the kind of bottle used 
for storage. The indicator dye solution should be prepared daily. 

(6) Selection of a Stabilizer Compound. Smith and Benitez had used 
soluble starch as a stabilizer, while the APHA Standard Methods called for 
the use of Methocell, a commercial form of methyl cellulose. Methocell 
was tried, but found to be contaminated with high levels of magnesium, so 


soluble starch was selected for this study. 


V. EFFECTS OF DEGRADATION PRODUCTS ON CHLOROPHYLL 
DETERMINATIONS 


A. General Discussion 


The first degradation products of chlorophylls are phaeophytins, 
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yellow-green to brown pigments that arise from the removal of the magnesium 
ion from the center of the porphyrin ring that is common to the three chloro- 
phylls, Phaeophytin a has an energy absorption peak very near to the energy 
absorption peak of chlorophyll a from which it arises (chlorophyll a at 665 nm., 
phaeophytin a at 666 nm.) hence it has the effect of masking chlorophyll a if it 
is present in significant quantity. Further, phaeophytin a absorbs light energy 
at 55.2 liters per gram per centimeter ag tem}, while chlorophyll a absorbs 
at 90.8 1g tem (vernon, 1960;19), so that a solution having a large amount of 
phaeophytin a in comparison to the amount of chlorophyll a would have a reduced 
total absorbancy. If the chlorophyll a of such a solution is computed by the usual 
equations, he result will be significantly understated. The energy absorption 
peaks for phaeophytins b and c are far removed from their respective chloro- 
phylls (480 and 430 nm. vs 645 and 630 nm.) so the masking effect does not occur. 
On the other hand, measurement and computation of phaeophytins b and ¢ would 
require the development and use of hexachromatic equations as opposed to the 
trichromatic equations for the chlorophylls alone. Such equations have not been 
reported in literature, in part because the specific absorptions for phaeophytins 
b and c have not been determined with an accuracy comparable to that of chloro- 
phyll a. 
"The changes in the absorption spectra that occur on the conversion of 
chlorophylls to phaeophytins are particularly large at 645 nm. and 630 
nm., the wavelengths used to compute chlorophylls b and c, so the 
estimation of these chlorophylls in the presence of their phaeophytins, 
by the trichromatic method is particularly unreliable." Moss, 1967 (20) 
Strickland and Parsons (6) state that phaeophytins are generally absent 
from the ape ocean, but this is not so in fresh and estuarine waters. Moss (21) 
has conducted an extensive series of tests on fresh water algae and found 


large amounts of degradation products present, especially when muds 
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are present. Similar findings by others have led to simplified equations 
using only chlorophyll a determinations (Odum, McConnell and Abbot, 
1958 (22); Talling and Driver, 1961 (23) ). C. J. Lorenzen, 1967 (5) 
recommended that early in any series of samples, the investigator should, 
after taking the usual trichromatic readings, take a series of additional 
spectrophotometric readings at 750 nm. and 665 nm. after acidifying the 
sample with 2 drops of 1N HCl, The acidification converts all of the 
chlorophylls present to their respective phaeo-forms by extraction of 
the magnesium ion. The readings before and after acidification are com- 
pared to develop a ratio of chlorophyll to phaeo-pigments. If this ratio 
is of the order of 1.7 or greater, it may be assumed that phaeo-pigments 
are present in so small an amount that they will not interfere with the 
chlorophyll readings. If the ratio turns out to be less than 1.6, then 
Lorenzen recommends that his alternate equations be used as corrections, 
subtracting the chlorophyll readings after acidification from that obtained 
from a basic solution. He notes further that estuarine and bay waters 
frequently contain rather large amounts of phaeo-pigments from dead 
plant materials, and quotes T. E. Bailey (personal communication) 
"In the Sacramento River delta, chlorophyll samples usually show 
a rather low acid ratio at 665 my, which would indicate that phaeo- 
pigments frequently form a large fraction of the green pigments 
absorbing light at 665 my." 
Since these are typical of the conditions observed in the Indian River, 
it may be supposed that the phaeophytin levels in the Indian River are high, 
and that consequently the amount of chlorophyll found is being greatly under- 


stated, Computations run on Indian River water samples do indeed show 
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very high levels of phaeophytins; from 5 to 7 times as much phaeophytin a 
as chlorophyll a, when computed by Lorenzen's formulae (Table 3), 

On the other hand, the amount of chlorophyll a reported by Loren- 
zen's equation is usually much less than that computed by the trichromatic 
equations. On one set of dilutions made from hibiscus leaves, the Lorenzen 
values for chlorophyll a were 73% (Spectronic 20) and 79% (Beckman DU) of 
the trichromatic values (Table 4). 

B. The Lorenzen Procedure 

The Lorenzen procedure is as follows: 

a) The filtered sample is prepared for absorption reading in the same manner 
as described for the trichromatic determination. 

b) Absorption is read at two settings, 750 nm. and 665 nm. The 750 nm. | 
reading is to determine a blank value, which is later subtracted from the 

665 nm. absorption reading. After the readings have been taken on the basic 
solution, two drops of 1.0 normal hydrochloric acid are added to the cuvette 
and the contents mixed by shaking. The absorption is again read at 665 nm. 
and recorded as 665 a. 

c) An "acid ratio" is determined by dividing the absorbancy value of the 

basic sample by the absorbancy of che acidified sample. 


Acid Ratio = 665, * 665, 


If the acid ratio is 1.7 or greater, the amount of phaeo-pigments present is 
probably so small that they will not affect the basic sample absorbancies and 
the normal trichromatic equations can be used. If the acid ratio is less than 


1.6, phaeophytins are present in amounts that will interfere with the 
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chlorophyll a computations by the trichromatic equations. 


d) Lorenzen's equations are: 


chla. (mg/m?) = Ax K x (6659 ~ 665,) x V 
V¢xil 


phae a (mg/m?) = Ax K(R(665g) ~ 665,) x v 


Vexil 
A = specific absorption coefficient of chlorophyll a. 11.64 (SCOR-UNESCO) 
K = factor to equate the reduction in adsorbancy to initial chlorophyll con- 


centration (1.7: 0.7 or 2, 43) 


665, 


tt 


absorbancy before acidification 

665, = absorbancy after acidification 

v = volume in milliliters of acetone used for extraction (normally 10 mls) 

V_e = volume in liters of sample filtered 

1 = light path length, in centimeters, of the cuvette 

R = maximum ratio of 665,: 665, in the absence of phaeo-pigments, 1.7. 
In the case of this study, Ve was always one liter, 1 was always 

one centimeter, and v was always 15 mls, so the equations were reduced 


to 


chl a (mg/m*) = 424,28 (665, - 665,) 
phae a (mg/m*) = 424,28 (1.7 [665,} ~ 6655) 


A detailed procedure, suitable for field use, is contained in Appendix C. 


Spectronic 20 Data 


in mg/ m° 


Sample |_Trichromatic Equations Lorenzen Equations 
umber} Chla Chlb Chic Tot.chlj} Acid ratio Chla Phaeoa 

1 - 3 33.75 |42.60 | 175.05 Turned cloudy - no data 

1-6 | 29,25 | 46.65 | 172.50 | 

1-10 | 27.75 |45,15 | 171.00 | 

1-14 26.40 | 44.85 171.10 

jl-19 , 27,90 | 44,70 | 165,45 

| 3 

Beckman DU~-2 Data in mg/m 

1-3 62,85 | 92,93 | 326,55 482.33 || .98 --- | 140.14 

a -6 56.10 {92.40 321. 30 } 469.80 1,04 5.94 109. 89 

4 - 10 37,35 85, 80 321,45 444.60 |} 1.06 ' 69,33 101, 45 

1-14 | 52.20 |91.80 | 315,00 © 459.00 | 1.04 , 6.79 | 102.21 

1-19 55. 20 82.65 318.75 © 456.60 1.04 5. 94 107.81 

Table 3. Chlorophyll content of Indian River lagoon waters 

computed according to Trichromatic and Lorenzen 
equations. 

Spectronic 20 Data in mg/m3 


Sample |_Trichromatic Equations Lorenzen Equations | 
Number | Chla  Chib Chic Tot.chl |} Acid ratio Chla Phaeo 
H-6-50 | 130.7 |132.9 235.4 499.0 |] 1.32 96.7 | 93.9 
H-6-40 |116.4 /|116.6 1216.0 449.0 | 1,38 | 91.2 | 75.1 | 
la-6-30 | 90.8 | 99.0 |208.1 . 397.9 (1.32 | 63.6 | 73,0 | 
H~6-20 | 72.5 | 81.0 203.6 357.1 |, 1.32 ; 50.9 | 59.0 | 
[Beckman DU-2 Data in mg/ m®? 
H-6-50 [206.4 124.7 |339.9 
H-6-40 173.1 {121.4 (332.4 
138.9 113.7 bee 580.2 97.2 : 
ae 107.3 |324.6 


Table 4. Chlorophyll content of Hibiscus leaf extracts, computed 
according to the Trichromatic and Lorenzen equations. 


C. Applicability in the Indian River 

River water samples frequently gave results that could not be 
computed by the Lorenzen formulae. Whenever the absorption value of 
the acidized sample is greater than the absorption of the original basic 
sample, the acid ratio (665, > 665g) becomes less than one and the chloro- 
phyll a computation yields a negative amount of chlorophyll a present. This 
is a logical absurdity, and represents a failing case for the equations. The 
effect appears to arise as a concomitant of river turbidity, for in every case 
where the sampling notes record high turbidity, the acid ratio is less than 
one, ranging in values from 0.96 for moderately turbid samples to 0, 66 
for one recorded as "very turbid". 

The values computed for chlorophyll a by the Lorenzen equations 
have no relationship to results reported by other workers using the tri- 
chromatic method, hence any data accumulated using the Lorenzen proce- 
dure cannot be compared to data reported by others. Further, the Spec- 
tronic 20 was shown earlier to be less sensitive than the Beckman DU, so 
that data taken on the Spectronic 20 must always be treated as relative data, 
Never-the-less, data taken on the Spectronic 20 at a single wavelength can 
be considered to be internally consistent, and can be used to monitor changes 
in the relative amount of chlorophyll a to phaeophytin a from day to day or 
season to season. The determination of what these relative data mean in 
terms of actual weights of chlorophyll a and phaeophytin a will require 
chromatographic investigations beyond the scope of this study, but data 


recorded now perhaps can be interpreted at a later date, 
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Data from other studies have shown that the Indian River lagoonal 
complex is normally a well-mixed body of water, largely as the result of 
the prevailing winds. While some variation with depth in the deeper parts 
of the River are known to exist, the distribution of salinity, temperature and 
dissolved oxygen have shown remarkable uniformity in the upper waters. It 
follows that a relatively few surface samples, selected to give the widest 
possible geographic distribution, can be expected to give a reasonably good 
representation of the entire body of water in any one of the major basins of 
the lagoon. On this basis, it is recommended that a small continuing sam~ 
pling program be undertaken for one year, to cover each of the major basins 
involved in the KSC Baseline Study, to determine whether there are significant 


seasonal changes in the relative amounts of chlorophyll a and phaeophytin a, 


VI. SUMMARY 


It is shown that the Bausch and Lomb Spectronic 20 spectrophoto- 
meter is not suitable for use as a field instrument for determining chloro- 
phylis a, b, and c by the trichromatic equations developed for use on the 
Beckman DU or comparable instruments. An attempt was made to develop 
a standard, using a magnesium colorimetric procedure, against which one 
could make chlorophyll measurements at a single wavelength and graphically 
interpret the absorption readings as weights of chlorophyll. The attempt was 
unsuccessful because the very large amounts of dissolved magnesium in the 
river waters, acting as background contaminant, rendered the amount of 


magnesium released from the chlorophyll insignificant by comparison, 
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The amount of phaeophytins and other degradation products of 
chlorophyll in the natural river waters is shown to be very large in com- 
parison to the amount of chlorophyll present. Such large amounts of phaeo- 
phytins probably render the computation of chlorophylls by the trichromatic 
equations invalid, regardless of the equipment by which the absorption 
values are determined. The relative amounts of chlorophyll a and phaeo- 
phytin a can be determined by a simplified procedure using the Spectronic 
20 instrument and the Lorenzen equations, but even this procedure fails 


when the river waters are turbid. 


Sample | & . Absorption Values _ || Computed Weight _mg/gm are Corrected for Dilution mg/gm 
Number | Dilution 750 nm. | 665 nm. | 645 nm.' 630nm. |'Chla jChlb .Chl¢ Tot.Chl.| Chia Chlb Chic, Tot.Chl. 


) 
{ 


H-1 50 0.01 . 680 510 .310 |) 278.0 [268.4 | 204.4 1750.8 556 '537 | 409 | 1502 
40 0.009 | .570 427 | .248 |] 226.0 '227,.6 146.8 600.4 [565 569 367 1501 
30 0.005 | .450 .327 | 186 178.0 1173.6 |103.2 “454, 8 |s97 579 3441510 
20 0.001 | .320 222,125 129.6 '116.8 | 67.6 1314.0 1648 584 338 1570 
| 10 10.002 | 156 .110 062 62.8 57.2 40.8 160.8 628 572 408 1608 
| 0e—--— 9-002 4.147 | 102 - . 060 ce jerror in dilation - invalid 
| 01 (0.001 | .018 .010 007 | 7.20 4.0} 4.4 15.6 720 400 (440 1560 
H-2 | 50 0.005 | .630 . 489 279 |250. 4 267.6 |169.2 687.2 , 501 535 «(338 «= «1374 
| 40 (0.003 | .535 . 408 236 1213.6 221.2 147.6 582.4 4534 553 369 1456 
| 30 ‘9.002 |.420 |.s10 178 ‘J168,8 166.4 106.8 442.0 563 556 356 1475 
| ' 20 ‘none 283 207 117 114.0 111.6 | 68,4 294.0 570 588 3421470 
| 10 (0.001 | .148 108 .062 | 59.6 57.6 38,4 155.6 "596 576 384 1556 
| 05 [0.001 | .080 . 060 .088 || 31.6 32.4. 30.0. 94.0 (632 648 600 1880 
. Ol none | .015 =| 010. 009 6.0 4.0. 10.4: 20.4 400 1040 2040 
H-3 | 50 [0.005 | .625 |.470 .275 250.0 252.8 172.8 675.6 (500 506 346 1352 
| 40 jnone =| .523 «| 383.220 = 211.2 206.4 134.8 1552.4 [528 516 337 1381 
: 30 none 410 295 165 166.0 158.8 92.4 417.2 |533 529 308 1370 
| 20 |none 283 .201 112 114.8 107.2 61.2 283.2 | 574 536 «3061416 
10 none | . 150 . 102 . 058 61.6 53.6 32.0 147.2 j|616 536 320. 1472 
| 05 none |.066 |.048 028 26.8 7.2 60.8 |536 (536 144 1216 
01 none _| .015 .010 006 6.0 4.4 4.0. 14.4 440 400 1440 


Table 1. Spectrophotometer Test. Trial Run #12, Bausch & Lomb Spectronic 20 data. 
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Sample a % "Absorption Values - - . \ Computed Weight mg/gr gm . , Corrected for Dilution mg/gm | | 
Number / Dilution 750 nm. 645 nm. | 630 nm, | Chl a oe Chle Tot. Chl. Chla| Chlb Chl ¢ | Tot. Chl. | 


131.7 ny 


108.0 1286.0 


471.6 i103. 6 | 65. 8 .641.0 943,2| 207.7 


| | 
200 389.6 81.6 43.2 514.4 974.0] 204.0. 


40 0. 008 g98 ! 
30 0.008 741 | 244 | 161 | 321.7 ! 60.0 29.8 411.5 1072.3! 200.0 99.4 1871.7 
20 0.005 1456 | .161 | 104 «196.8 | 45.2 22.7 264.7 983.3 226.0 113.6 1322.9 
10 0.002 217. «078 ~—S—t—si«i«S:*é<“<«sé‘«‘iC SA 12 «127.7 = 941,0 224.0 112.0 1277.0 
05: 0,00: - .200 -.072  ‘.046 error in dilution, readings invalid 
01 none 019.008 «=| «.003'i(<tsi«*SzC DD 760.0 360.0 -- 1120.0 
: : i ! 
H-2 50 0.005 1.05 ',364 | .227 456.0 104.0 37.5 597.5 912,0' 208.0 74.9 1194.9 
40 0.007 .840  .308 =, 194 362.8 94.0 42.8 499,6 907.0 235.0 107.0 1249.0 
30 0.005 628 .219 150 272.4 60.4 49.7 382.5 908.0 201.3 165.6 1274.9 
20 0.003 405, 145 090 175.2 43.2 19.6 238.0 875.9 216.0 98.0 1189.9 
10 0.001 .205 =. 073 047 88,8 21.6 11.6 122.0 887.6 216.0 116.0 1219.6 
05 0.001 .111 =, 040 025 48.0 12.0| 4.45 64.4 960.3 240.0 89.0 1289.3 
i 01 none .018 007 004 4,8 2.8; .800 8.4 476.0 280.0 80.0. 836.0 
IH-3 50 0.007 995 354 ,221 430.8 104.4 40. 1 575.3 861.6 208.8 80.2 1150.6 | 
40 0.005 .795 = 282 175 344.6 83.2 29.9 457.7 861.6 208.0 74.7 1144.3 
| 30 0.004 559,210 2433 241.2 66.4 133.6 341.2 804.0! 221.3 112.0 1137.3 
| 20 0.002 .393  —-. 138 .087 170.8 40.0 17.5 228.3 854.0 200.0 87.7 1141.7 
10 0.001 .200 .069 046 86.8 19.6 13.2 119.6 868.0 196.0 131.9 1195.9 
| 05 none 094 034 023 40,8 10.4 9.1 60.3 816.0 208.0 181.6 1205.6 
01-0. 001 017 . 006 004 7.6 = 2.4 2.8 12,8 760.0 240.0 284.4 1284.4 


Table 2, Spectrophotometer Test. Trial Run #13, Beckman DU-2 data, 


9€ 


0.02 
0.05 
0.1 
0.2 
0.4 
0.8 jos a, | M2 | 
1.0 83 . 86 i, 83 Pais .83 81 .10 12.3 


Table 3. Spectronic 20 Absorption Values for a Standard Curve for Magnesium Determination 
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mg/ m? | 
SCOR-UNESCO equations Lorenzen equations 


[Chl a Chl b | Chl ¢ Tot. chi, [Acid ratio) Chl a jPheo a 


Sample % “Absorption Values 


Number | Dilution 750 nm. | 665 nm. | 645 nm. | 630 nm, | _ 865 acid 


| 7 
. 32 | 96.7 | 93.9 


132.9 }235.4 499.0 [1 

116.6 |216,0 1449.0 1.38 (91.2 | 75.1 
99,0 |208,1 397.9 32 63.6 | 73.0 
81.0 las 357.1 1.32 50.9 | 59.0 
124.7 389, 9 671.0 [1.46 176.1 | 92.7 
121.4 (332.4 626.9 [1.56 170.6 42.7 
113.7 327.6 580.2 1.36 101.8 | 97.2 
107.3 324.6 541.6 [1.28 64.5 100.6 


Table 4. Chlorophyll Content of a Hibiscus leaf extract, computed according to the SCOR-UNESCO 
and Lorenzen Equations. 
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mg/m? 
iSCOR-UNESCO equations Lorenzen equations 
iChla, Chlb. Chic Tot, Chl. : Acid rati 


Absorption Values 
750 nm 665 nm. 645 nm , 


Spectronic 20 Data 


1-3 Surface 

1-12 " 

1-17 " 

ies | " 

nig) i 

l1-26 hoon -0- (.217 .245 §.300 .200 30.5 47.9 1171.6 | 250.0 | 1.08 7.21 52.2 
‘Beckman DU-2 Data | . : | | | | 
1-3 ‘Surface |.003 .428 .484 — .580 .394 59.9 95,1 | 328.7 | 483.7 1.09 14,4 102.6 | 
‘1-12 a. 004 .354 .457 550 6365 47.9 92.7 316.4 457.0 .97 -- 113.1 | 
q-17 | .005 .872 .465 °§.553 -- 50.9 93.9 315.5 460.3 | -- -- os | 
1-18 | " 1,002 .348 .453 548 -- 46.8 91.8 316.2 454.8  -- = Ses f 
i-lg 8 '-0- .352 0 6457) 548 -- 47.6 107.7 315.8 471.1 -- me 
1-26 | " '-9- .410  .473 570 -- 57.2 93.2 324.5 474.9 -- - | 


Table 5. Chlorophyll Content of Indian River waters, KSC Area 1, sampled 5-30-73. 


6& 


mg/m 
* Lorenzen equations 


630 665g a c . Chl. |, Acid ratio; Chl a} Pheo a 


Spectronic 20 Data | | 
0.006 | . 26 : 215 175.05! 251.40 | — 

; : { 
0.0 : ac ; 172.50, 248,40 | j 33.52 


| 


1-10 | 0.0 |, 199 | 232.294 .181 27.75 45.15 |171.00 243.90 |1.10 =| 4.24 | 46,12 
I-14 | neg. 192.230 293 .192 26.40 44,85 / 171.10 242,35 1,00 | -- | 87.02 
1-19 0,0 200.280.287.188 27, 90 44.10 | 165.45 238.05 1.06 | 5,09 | 50,74 

| fe = 244,82 | | ! | 
eckman DU-2 Data | 
1-3 «| .006 )= 1.450.486.5884 1459 © 162,85 92.93 326.55/ 482.33 ° .98 ss aot | 
1-6 .001 |. 404 469 565 .390 56, 10 92.40 | 321,30, 469, 80 1.04 5.94 109.89 | 
1-10 | .004 5,395 4.447 .560 1373 87.35 85.80 321.45 444.60 1.06 9.33 101.45 
“14.004. 383.462.555.367 152,20 91.80 315.00 459.00 1.04 6.79 102.21 
“19 neg. «=. 397463559 1383 ©5520 82,65 318.75 456,60 1,04 5.94 107.81 


% =462,67 


Table 6. Chlorophyll Content of Indian River waters, KSC Area 1, sampled 7-11-73. 
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a _Absorption Values 
750 nm ; 665, 645 630 665 


Spectronic 20 Data 


« SCOR-UNESCO equations 
 Chla , Chlb,Chle Tot.Chl.| Acid ratio. Chla 


Pa aE 
mg/m 
i Lorenzen equations 


' 44,85: 167.70 239. 40 , Dy : 
2-9 : , 46,35 | 173, 85,247.95; 1.06 4.67 51.76 
2-11 0 .197  ,230 "290.184 2D: 44,70 168, 30.240. 15 1,07 5.52 49,13 
2-16 0.007 .190 230 "290.179 25,05 43.80 165.45 234.30 1.06 4,67 48,50 
2-22 0 1183 .228 .290:.175 24.90 45.00 169,95 239.85 1.05 3.39 48.58 
2-27 0 (169,218 .280..166 22.80 | 43.20 165,30 231.30. 1.02 1,27 © 48,03 
= 338.85 | 
Table 7. Chlorophyll Content of Indian River waters, KSC Area 2, sampled 7-13-73. 
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APPENDIX B 


Procedure for Magnesium Determination in Chlorophyll 

The procedure is taken from Smith and Benitez (ref, 10) p. 161, 
who credit Koski and Smith (see ref, 11) 1948 for developing the titan yellow 
colorimetric method. The procedure is essentially the satae as quoted for 
magnesium determination in ''Standard Methods for Water and Waste Water 
Analysis" 13 th Ed, , 1972, except for a minor difference in dyes used, and 
in the concentration of the dye solution. The Smith and Benitez procedure calls 
for a dye concentration approximately 10 times greater than Standard Methods, 
hid is consequently an order of magnitude more sensitive in its level of detection, 
Smith and Benitez state that quantities of magnesium as small as 5 micrograms 
can be determined with an accuracy of * 4 percent (Granick, 1950, ref, 14). 

This procedure is given in two parts: Part 1. Preparation of a 
Chlorophyll Sample for Magnesium Determination, and Part 2, Magnesium 
Determination by Colorimetry. The two parts are entirely separate, and can 
be carried out at different times if care is used to protect the sample from con~ 


tamination between times. 
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Part 1, Preparation of a Chlorophyll Sample for Magnesium Determination 

To determine the amount of magnesium in a sample of chlorophyll, 
it is necessary to digest the chlorophyll in such a way that the magnesium is 
completely converted to a soluble inorganic salt. This is accomplished by wet 
digestion with sulphuric acid. 

A known aliquot of the chlorophyll extract in 90% acetone/water is 
carefully evaporated to dryness in a crucible on an electric heater. The size of 
the aliquot is chosen to give a final reading of 0.1 to 0.8 mg of magnesium in 
the colorimetric analysis, which usually means that an initial series of samples 
must be prepared to determine the appropriate aliquot amount, Because the 
digestion procedure is time-consuming, it was convenient to prepare a three- 
sample series, in the proportion 1: 2: 4 to make this initial determination on 
each new series of extractions. 

Evaporation of the sample must be accomplished over low heat to 
prevent spattering and consequent loss of sample. This is especially likely to 
occur after the bulk of the acetone has evaporated, leaving a thick scum in the 
bottom of the crucible, 

To the dried residue add 5 ml of 0.3 N Hg SO4, and again evaporate. 
The final evaporation is carried out over a bunsen burner or in a high temperature 
oven, to drive off the last of the HpSO,4 and to completely ash the carbon residue. 
The ashed residue is taken up in 5 ml of 0.3 NHgSO,4 and again evaporated to dry- 
ness over an open flame. The drying should be stopped when sulfur trioxide fumes 
cease to be given off, If drying is carried further, the MgSO, in combination with 
the other inorganic salts present may fuse to an insoluble glaze on the crucible, 


, losing the sample. 


The acid treated ash is dissolved in 0.25 ml of 1.0 NH2S04 and 
3 ml of distilled water by heating gently on an electric heater. Use a rub- 
ber policeman to wash down the walls of the crucible, continuing the heating 
until the water is steaming but has not boiled. Pour off into the 25 ml grad- 
uate previously acid washed with HCl for magnesium determination, Rinse 
the crucible 3 times, using approximately 3 mls of distilled water each time, 
and using the rubber policeman to rub down the walls of the crucible. Add 
the rinsings to the graduate. This is the prepared sample. 

If the magnesium determination is not to be run immediately after 
sample preparation, the sample may be stored dry in the covered crucible, 


and dissolved when it is convenient. 
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Part 2, Magnesium Determination by Colorimetry 

Because magnesium is a common constituent in most glass, and is 
leached out of the glass by acid solutions, it is necessary in this determination 
that only boro-silicate glassware (Pyrex, Kimax) be used, and that it be freshly 
washed in concentrated hydrochloric acid prior to each use. All the solutions 
used in the procedure should be recently prepared and should be stored in poly~ 
ethylene bottles or boro-silicate glass. When glass is used for storage, the 
vessel should be cleaned with chromic acid, then filled with concentrated hydro- 
chloric acid and leached for 24 hours before use. 

This procedure depends upon a color change of titan yellow dye, (also 
known as Clayton's yellow) when it changes from acid to alkaline conditions in the 
presence of magnesium ions, Straw yellow in acid solution, the dye changes to 
magenta red when sodium hydroxide is added, the intensity of the color change 
being proportional to the amount of magnesium present in the solution. After 
mixing and standing to "ripen" for 10 minutes, the intensity of the color is read 
on a Spectronic 20 set at 540 n,m. Because the amount of color change is affected 
by many variables, it is necessary to prepare a standard dilution curve for each 
series of sample determinations. 

Prepare acid-washed 25 ml graduates, colorimeter cuvettes and other 
glassware on the basis of the number of samples to be measured, plus 7 for the 
standard dilution curve and 1 for the blank. (After some experience with the 
densities of the chlorophyll samples, the standard curve can probably be reduced 


to 4 values without sacrificing accuracy.) 
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Prepare a standard magnesium sulfate solution by dissolving 1.000 
gm of pure magnesium metal in 200 mls of distilled water and 2.5 mls of con- 
centrated HoSO4. Because the acid is nearly consumed by the metal, and there~ 
fore the final bits of metal are slow to dissolve, it is helpful to heat and agitate 
the solution. Make the solution up to 1 liter in a volumetric flask, resulting in 
final strength of magnesium of 1 mg/ml. For working solutions, make up dilute 
solutions of 0.1 mg/ml and 0.01 mg/ml. 

Gchex working solutions required are: 

1) 1% solution of reagent soluble starch 

2) Saturated CaSO4 solution 

3) 0.125% solution, by weight, of titan yellow in distilled water 
4) 2.5N NaOH 

At this point, a single blank sample should be prepared and run 
through the procedure at the start of each day, to determine whether any of the 
solutions have become contaminated or the dye solution has lost its strength. 

The dissolved samples and their wash waters are poured into 25 ml 
graduates. Reference solutions are prepared for 0.02; 0.05; 0.1; 0.2; 0.4; 0.8; 
and 1.0 mg of magnesium by pipetting into successive graduates. The graduate 
for the blank gets no magnesium, of course. To these reference standards, and 
the blank, add 0.25 ml of 1 NH2SO4. 

To all graduates, add in order, 2 ml of 1% soluble starch, 5 mls 
saturated CaSO4, and 1 ml of the 0.125% titan yellow solution. Make all graduates 
up to 23 mls with distilled water, then add 2 mls of 2,5 NNaOH. Shake each grad- 
uate vigorously to assure complete mixing, Allow the graduates to stand 10 min- 


utes from the time of adding the sodium hydroxide for complete color development, 


47 


then pour into the colorimeter cuvette and measure color intensity. Using 
a distilled water blank, zero the Spectronic 20, then read the blank from 
the standard reference set. Record this blank value. The blank should ~ 
measure between 0.2 and 0.3 absorption. If it is in excess of 0.3 absorp- 
tion, it indicates contamination, and the procedure should be stopped until 
the contaminant has been found. Using the blank, set the colorimeter to 
zero absorption, measure each of the standard reference solutions in order, 
then the samples, recording all absorption values. Recheck the zero setting 
frequently with the blank, resetting as necessary. All measurements should 
be completed within 20 minutes of initial mixing, as the color fades slightly 
on standing. 

| Reference solutions containing large amounts of magnesium (circa 
1 mg/ml and greater) may develop a floc when the NaOH is added, Vigorous 
shaking for an extended period, up to five minutes, may be necessary to re- 
dissolve this floc. It is not possible to get accurate, repeatable readings 
with floc present. If the floc persists in spite of vigorous shaking, this end 
of the scale should be abandoned. [If the floc occurs in a sample, dilute 1:1 
with distilled water, shake vigorously until the floc is dissolved, then meas- 


ure. Record the amount of dilution on the log sheet. 


48 


APPENDIX C 
Detailed Procedure for the Determination of Chlorophyll by the Lorenzen Method 

1. Sampling Technique 

One liter of sample water is required for a chlorophyll determination. 
The chlorophyll sample may be combined with the surface water quality sample 
provided that a) the sample is taken from below the surface of the river and 
b) the sample bottle is of 2 liters (1/2 gallon) size or larger. 

Shake the sample bottle well to remix the water, then decant 1 liter 
into a graduate or into an Erlenmeyer flask previously calibrated to hold 1 liter. 

If the water sample is clear or only slightly turbid, procede with 
direct filtration on the Millipore filter. If the water sample is turbid or muddy, 
it may be necessary to centrifuge the sample to throw down the bulk of the tur- 
bidites before trying to filter, but all samples must be filtered. 

Set up a Millipore filtration apparatus with an RA (1.2) filter in 
place, With the vacuum pump turned OFF, pour approximately 100 ml of sample 
water into the top of the filter. Add 1 dropperful (approximately 0.1 gm) of 
MgCO3 mixture to the sample and allow it to mix. Turn on the pump and suck 
the filter dry. Add the rest of the sample as rapidly as possible. 

Rinse the sample container with a wash bottle filled with previously 
filtered river water, using as little as possible, and pour the rinsings into the 
Millepore filter. Suck the filter dry, and transfer the filter paper to a capped 
and labeled pill bottle. Roll the filter with the sample material on the inside of 


the roll, and use tweezers to slip it into the pill bottle, so that none of the sample 
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is lost. 

Store the pill bottle in the dark (put it back into the box it came in) 
and at the end of the day, return all samples to the laboratory and store ina 
refrigerator. 

If the water sample is turbid or muddy, it may not be possible to 
filter a 1 liter sample in a reasonable length of time. If atrial run of 1 liter 
results in a filtration time greater than 15 minutes, then centrifugation will be 
necessary. If no centrifuge is available in the field laboratory, retain a 1 liter 
sample in its original sample bottle, adding one dropperful (approx. 0.1 gm) 
of MgCOg, and return the sample to the laboratory. 

' If a continuous flow centrifuge is available, process the liter sample 
through it at a flow rate of 1 liter per 2 minutes, Catch and retain the centrifuged 
liquid for filtration, Filter the centrifuged water through the Millipore RA (1.2 P) 
filter as for a clear water sample, but before removing the filter, add the thrown- 
down material from the centrifuge cup. Remove the centrifuge cup, and working 
carefully with a spatula so that the inside of the cup is not scratched, remove as 
much of the thrown-down material as possible and add it to the Millipore filter. 
Rinse the cup with a wash bottle filled with previously filtered river water, using 
as little as possible, and pour the rinsings into the Millipore filter. Suck the 
filter as dry as possible then roll and store the filter as before. 

2. Chlorophyll extraction | 

Remove the filter paper from the pill bottle with tweezers and put it 
into the bottom of a 10 ml tissue grinder tube. If necessary, rinse the pill bottle 
with a small amount (1 ml) of 90% acetone and add to the tissue grinder. Bring 


the total amount of acetone in the tissue grinder to approximately 3 mls and allow 
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the filter to dissolve for several minutes. Insert the pestle and grind at 500 rpm 
for 1 minute. The Millipore filter should be nearly completely dissolved before 
the pestle is inserted, or a semi-liquid mass will form at the bottom of the tissue 
grinder that is very difficult to dissolve completely. After grinding, decant into 
a centrifuge tube, then rinse the tissue grinder 2 times using no more than 3 mls 
of acetone each time, and add the rinsings to the centrifuge tube. Allow the sam- 
ple to extract in the centrifuge tube for at least 10 minutes, then centrifuge at 
5000 rpm for 5 minutes, 

Decant the supernatant acetone solution, which should be green and 
clear, into a 25 ml graduate and make up to 15 mls with additional acetone as 
necessary. 

3. Spectrophotometer Determination 

Prepare a blank by placing a new Millipore filter in the filter holder, 
then pouring approximately 100 mls of previously filtered river water into the cup, 
Add 1 dropperful of MgCO, mixture, turn ON the vacuum pump and suck the filter 
dry. Roll and fold this filter blank as for a sample, insert in a tissue grinder and 
dissolve it in 3 mls of 90% acetone. Grind it for 1 minute at 500 rpm, as fora 
chlorophyll sample, decant into a 25 ml graduate, rinse the tissue grinder with 
90% acetone, adding the rinsing to the graduate, Bring the blank to 15 mls with 
additional acetone. 

Set up and balance a Spectromatic 20 spectrophotometer on the red 
scale at 750 nm. in accordance with manufacturers instructions, using a Bausch 
& Lomb 13mm cuvette (a nominal 1 cm light path) filled with distilled water. 

Half fill a second cuvette with the blank, read and record the absorption at 750n.m. 


then reset the absorption scale to zero with the blank. Retain the blank. 
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Pour sample cuvettes, read and record samples at 665 n.m. Add 
2 drops of 1.0 NHCI1 to the cuvette, shake well, then read and record the absorp- 
tion value. Check and adjust the zero set after each sample has been read, 

If the initial reading at 665 n.m. is greater than 0.35 absorption, 
the sample must be diluted to bring it into the range 0.05 to 0.35. Record the 
dilution factor so that it can be accounted for in later computations, Data should 


be reported on the standard "Oceanographic Data Sheet", 


13. 


14, 


15, 
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I. INTRODUCTION 


The objective of this study was to investigate the heavy metal con- 
centration and distribution in the lagoonal sediments surrounding the John F. 
Kennedy Space Center (KSC), Florida. This work is part of a general baseline 
investigation being conducted in the lagoonal waters and sediments around KSC 
by Florida Institute of Technology. It wai hoped that the relatively unpolluted 
nature of the area would yield a natural baseline level for heavy metals in these 
sediments. This information along with other baseline knowledge being accu- 
mulated can be used to monitor the effects of future growth and development 
on the environment, Any heavy metal pollution in the system should be evident 
by the metal levels found in the sediments. An effort was made to correlate 
heavy metal concentration and distribution with other parameters such as grain 
size, organic carbon and sulfide levels, and any known sources of pollution. 
Since KSC is the only industrial complex affecting the study ‘ee its impact 
on the environment with respect to heavy metals was examined. 

Heavy metals occurring in coastal waters including estuaries and 
waters over the continental shelf have become a significant topic of concern 
for scientists and engineers as well as the general public. Anthropogenic 
increases of these metals (in some cases equal to natural fluxes) are being 
transported to thermayine environment by land runoff, rivers and streams, 
direct discharge and aerosols (Bruland 1974). Although many heavy metals 
such as cobalt, copper, iron and zinc are necessary for the healthy growth 
of organisms, the same elements are not necessarily essential to all species 


and may even be toxic if present in high enough concentrations (Burrell 1974). 


Other metals such as lead, mercury and cadmium are highly toxic in very 
small concentrations. The ability of many organisms to concentrate trace 
elements above the levels in their surrounding environment also poses a | 
potential problem. The possibility of food chain magnification is of partic- 
ular concern to man who occupies a high trophic level in the food chain. 

Geologically speaking, on the short term scale of man, metals 
can almost be considered permenent once they are introduced into the envi- 
ronment (Giddings 1973). Most pollutants such as insecticides and air pollut- 
ants are a threat because of unique bonding arrangements among atoms in the 
molecules. When these molecules are altered or degraded, the pollutant can 
be destroyed. But, when molecules containing heavy metals are altered, the 
problem-causing metal atoms are still present in the new chemical form. 

In the past it has taken disasters such as the mercury and cadmium 
poisonings in Japanese waters (Irukayama 1966; Friberg, et al. 1971), to draw 
attention to these heavy metals and others as daviecariental pollutants. While 
specific disasters of heavy metal poisoning are localized and relatively easily 
remedied or forestalled, there does seem to be a steady buildup of some heavy 
metals in the environment. Riley and Chester (1971) estimate that lead is being 
introduced into the sea at a rate 27 times greater than it was during the Pleis~ 
tocene epoch. A need for comprehensive baseline data from which to observe 
the changes as well as predict the significance of future activities on the system 
seems obvious. Unfortunately in too many cases the study is begun only after 
the area has become dangerously polluted with heavy metals making natural 


baseline values for the area more difficult to determine. 
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Il BACKGROUND 


Heavy metals are sonsidexed to be those metals in the middle of 
the periodic table as seen in Figure 1, whose specific gravity is greater than 
five. These metals are far less common in the earth's crust than the lighter 
metals (Giddings and Monree 1972), and are alae referred to as trace metals 
or trace elements because they occur usually in concentrations less than one 
part per million (ppm) in the environment. As rocks are worn down to form 
soil and particulate aerosols, heavy metals are released naturally into the 
environment from the earth's crust. These metals are eventually transported 
to the ocean by rivers, atmospheric fallout and precipitation. They are then 
incorporated into the sediments becoming part of the earth's crust once again 
through diagenesis. This entire cycle takes anywhere from decades to millions 
of years, At any point in the cycle, metals may be taken up by organisms and 
later released back into the cycle (Giddings 1973). Since Cambrian time the 
relative composition of sea water has been kept fairly constant because there 
is a balance between the rate at which dissolved matter is added to the ocean 
from the land and atmosphere, and the rate at which it is removed from the 
sea by incorporation into the sediment or by being returned to the atmosphere. 
This balance prevents the build-up of toxic concentrations of trace elements 
(Riley and Chester 1971). Table 1 contains values of metal concentrations 
in different phases of the geochemical cycle. 

Heavy metals are highly reactive and generally widely dispersed 
in nature in association with or as part of a variety of solid phases. Heavy 


metals in solution strive for stability through bonding witn inorganic ligands 
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Figure 1. Periodic Table of Elements divided into non-metals, light metals 
and heavy metals. 
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und organic chelating agents, and through oxidation stale change reactions. 
According to Burrell (1974) it is theoretically possible to predict from avail- 
able thermodynamic data the equilibrium distribution of any specific metal 
within a variable pH/Eh field so long as the components and physical param- 
eters of the system are limited and closely defined. Much of the information 
available on the chemical speciation of heavy metals in the environment is the 
result of such predictions based on modeling of the system. Since it is im- 
possible to take all factors into account, predicted values should be used with 
some caution. Table 1 lists the probable main dissolved species of heavy 
metals in sea weler: The natural pathways of heavy metals are controlled 
largely by the incorporation on or in various solid phases acting to restrict 
solubilization and by chemical complexation in solution acting to promote 
solubilization. Immobilization to various solid sinks predominates and trace 
metal concentrations in all natural waters tend to be less than might be cal- 
culated from a general geochemical knowledge of the environment (Burrell 
1974). 

All solid particles in natural waters have electrically charged 
surfaces and given the large surface areas of normal particulate matter 
(up to 10 - 100 m2/g for clay minerals), the resultant surface charge density 
will clearly exhibit a profound effect on the distribution of heavy-metal com- 
plexes (Burrell 1974). Trace elements entering natural waters through run- 
off, erosion, direct discharge and atmospheric inputs apparently are sorbed 
on suspended particles which are transported by water and eventually deposited 
in greater abundance in fine grained sediments. Leland, et al. (1973) observed 


that efficient uptake of trace elements directly from water cannot occur at the 


TABLE 1 


Element Fe Zn Cu 
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Ifarth's crust, "@/g 5.6x10* 70 55 
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| laverage river water, UB) 670 10 5 
lOceanic water, “8/1 3 5 3 
“Oceanic residence times, yrs. 140 1.8x10° 5x104 
2Probable main dissolved species Fe(OH)g Zn2+, ZnSO4 Cu2+, CuSO4 

Fe(OH)4~ ZnClt, ZnCO3 Cuco3 
Zn(OH)*, Zn(OH)2 
Lpata from Riley and Chester (1971) 
2nata from Burrell (1974) 
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sediment-water interface, and therefore the enrichment of certain trace ele- 
ments in surficial sediments results from deposition or particles with asso- 
ciated trace elements. 

Other solid phases are important in these waters either as primary 
constituents or as surface impurities on clay minerals. Probably the most 
important are the redox sensitive hydrous oxides whose surface charge is a 
function of pH (Burrell 1974). Under oxidizing conditions, hydrous oxides of 
iron and manganese are excellent scavengers of trace elements. But, under 
reducing conditions they are solubilized and may result in increases in con- 
centrations of cations and anions in overlying waters. Several elements 
including lead have been found to be highly mobile from hydrous oxides upon 
the addition of fermenting plant material. The released metals were present 
as organic complexes (Leland, et al, 1973). 

Organic matter is important in the complexation of heavy metals 
in natural waters and sediments, Leland, et al. (1973), state that the ex- 
change capacity of soil organic matter is satisfied before significant sorption 
of heavy metals by clay minerals occurs. The high molecular weight humic 
acid content of many natural waters may play a major role in mobilizing and 
transporting heavy metals, Organic pollutants may play a role as well. 

They can concentrate at the air~water interface where they have been shown 

to enrich the concentrations of some trace metals (Duce, et al. 1972), Lerman 
and Childs (1973) believe that the behavior of metals in natural waters may be 
controlled to a greater extent by any of the more abundant inorganic ligands 
such as SO42~, HCO3~, CO32~ and OH™. 


Despite an emphasis on clay minerals as vehicles for transport of 


heavy metals to the oceans, more recent literature stresses the importance 

of organic matter and hydrous oxides in transport of heavy metals. Although 
there are conflicting reports as to whether heavy metals are desorbed or pre- 
cipitated upon entering the marine environment, Burrell (1974) states that the 
majority of evidence points to the estuarine and coastal deposition of river- 
borne sediment as being the major sink within the heavy metal cycle. The 
mixing of fresh with saline waters can result in an increase in pH and dissolved 
oxygen content which favors the formation of ferric hydroxide. Other heavy 
metals may coprecipitate with this compound as already mentioned. Reduction 
of ferric hydroxide in the sediments may lead to the release of sorbed metals. 
Recombination of these metals with sulfides common in reducing conditions 

is likely a result of the strong affinity of heavy metals for sulfur compounds. 
The resonance structure formed between sulfur compounds and heavy metals 

is unusually stable (Giddings and Monroe 1972). Most metal sulfides are highly 
insoluble and would therefore precipitate out of the water column into the sedi- 
ments, According to Horne (1969), ion exchange is considered to be the most 
important mechanism for chemical control at the sediment-water interface in 
the ocean, 

Marine organisms play an important role in the distribution of heavy 
metals in the marine environment. As has already been mentioned, some 
marine organisms have the ability to concentrate heavy metals to levels much 
greater than in their surrounding environment. Andelman (¢473) suggests five 
mechanisms of concentration; 1) particulate ingestion of aqueous suspended 
matter, 2) ingestion of food materials, 3) complexation by biological chelating 


agents, 4) incorporation into physiological systems, 5) and ion exchange and 


sorption on tissuc or membrane surfaces. Riley and Chester (1971) suggest 
that specific enzymes are present in the organism which can break down the 
chelates of the essential metals and allow them to be assimilated. Such metals 
as cobalt, copper, iron, manganese, zinc, chromium, molybdinum and nickel 
all function in various physiological roles including enzyme activation, redox 
and transport processes etc, (Bowen 1966). The non-essential elements are 
retained in chelated and thus detoxified form (in some cases) until gradually 
discarded to the water during renewal of the mucous surfaces. Excretory 
products of many organisms are a concentrated source of some elements and 
may facilitate their transport to the sediments. When organisms die or moult, 
bacterial attack returns trace elements to the water, perhaps initially as or- 
ganic complexes. Further decomposition liberates ionic or colloidal species. 
The efficiency of trace metal transport from water to sediments depends in 
part on the rate of decay. Hallberg (1974) points out that organic matter pro- 
vides the nutrients for heterotrophic bacteria, which together with autotrophic 
bacteria affect the chemical environment and hence the metal accumulation in 
the sediment. 

It seems from the above discussion that the distribution of heavy 
metals in the environment can be quite complicated, Particularly in coastal 
and estuarine environments, sediments reflect the nature of the overlying 
waters at the time of deposition because of their capacity to incorporate a 
ganic and inorganic constituents during transport and deposition, Sediments 
provide both a record of past climatic and geologic events as well as an indi- 
cation of man's activities which may be polluting the system. This is partic~ 


ularly applicable to heavy metals because of their normally low concentration 
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and short residence timo in sea water, Anthropogenic and natural fluxes of 
heavy metals arc thorefore recorded in coastal scdiments (Bruland, et al. 
1974). Chen and Lu (1974) state that in general, sediments are regarded as 
permanent sinks of pollutants and nutrients from overlying waters, but dynamic 
exchanges between the gedinentswates interface can occur, especially when 
redox conditions are changed. Heavy metals can also be removed from the 
sediments through uptake by organisms. Detritus feeders have been observed 
to remobilize metals from the sediments (Renfro 1973). 

Caution should be used when reviewing the literature on heavy 
metals. Comparing data often presents problems due to the variation in sam- 
pling and laboratory procedures. With the advent of more sophisticated instru- 
mentation, monitoring trace elements in the environment is becoming a common 
practice for many environmental and industrial laboratories. Burrell (1974) 
points out that citing mean values for heavy metal concentrations in the envi~ 
ronment is risky since reliable analytical techniques have only recently be- 
come widely available. According to Burrell the frequently cited numbers 
given by Goldberg (1965) may serve as an order of magnitude guide for most - 
of the common heavy metals, but advances in analytical techniques in the last 
decade make many of these values doubtful. Recent investigations have indi- 
cated that the reliability of even recently published analyses of heavy metal 
concentrations in the environment, particularly lead, are questionable. These 
findings resulted from an Interlaboratory Lead Analysis (1974). Lead deter- 
winations in this study ranged from 4 to 100 times higher than the actual con- 
centration of lead in the sample. These high values resulted mainly from 


contamination of the samples during analysis. Chow, et al. (1974) point out 
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that in the case of sea water, these new findings suggest that recent studies 
of the hazards of lead pollution may be misleading if clean laboratory tech- 
niques and necessary Benaitiviny and accuracy were not maintained. 

The metals chosen for this study (lead, cadmium, copper, chro- 
mium, zinc and iron) are among the heavy metals most often appearing in 
the literature. See Table 1 containing data on these metals in the environment. 

Lead: With the exception of mercury, more studies have dealt with 
lead in the environment and lead poisoning than any other heavy metal, see 
e.g. Hall (1972), Shukla and Leland (1973), and Ewing and Pearson (1974). 
Lead has been mined for years, and of the non-ferrous metals, it is one of the 
most widely used in industry and everyday life. The annual consumption in 
the U.S. alone is well over a million tons. The largest consumer is the 
storage battery industry using 40% with the petroleum industry next using 
20% (Hall 1972). According to Burrell (1974) the major sources of environ- 
mental pollution by lead are from gasoline, pesticides, fertilizers and the 
smelting industry, but atmospheric lead pollution derives overwhelmingly 
from the combustion of tetraethyl lead antiknock gasoline additives. The finer 
aerosol particles may travel great distances before being deposited as evi-~ 
denced by a 500 fold increase over prehistoric background levels in the lead 
content of Greenland ice (Burrell 1974). Lead enters the human body through 
the alimentary and respiratory tracts. Aesat 7% of the lead ingested is actu~ 
ally absorbed while up to 50% of the lead particles (1 “or smaller) inhaled are 
retained in the body, About 75% of particulate lead in vehicle exhaust fits this 
category (Hall 1972), As far as is known, lead contributes nothing tee de- 


velopment or maintenance of life (Craig 1972), Lead is a highly cumulative 
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poison in mammals and can lead to a number of symptoms from mental retar~ 
dation to death. It is also highly toxic to plants. Whether or not the lead con- 
centrations measured are hazardous to life, any further increase of lead in the 
environment will undoubtedly result in further concentrations in some food 
chains which could lead to toxic doses for top predators and ultimately man. 
Cadmium: The current focus in heavy metal concern is shifting 
to cadmium (Burrell 1974; Friberg, et al. 1971). Cadmium is a relatively 
rare metal in the earth's crust but as greater quantities are refined, more 
and more of it becomes available in the environment. In 1971 the U.S. con- 
sumption of cadmium was greater than 15 million pounds, with the electro- 
plating industry being the primary consumer. The natural aqueous base levels 
and distributions are poorly understood. The major transportation pathway 
appears to be atmospheric. Cadmium is emitted to the atmosphere from the 
incineration of ferrous scrap and from metallurgical processing. According 
to Eisler (1971), there is no evidence that cadmium is biologically essential 


or beneficial although Bowen (1966) cites cadmium proteins found in the mollusc 


Pecten and in the horse kidney. Cadmium is moderately toxic and has a long 
biological half life in man. It can replace zinc which is an important compo- 
nent of metalloproteins. Approximately 40% of inhaled cadmium is absorbed 
by the body compared to only about 5% of ingested cadmium. According to 
Burrell (1974), there is some evidence that cadmium is less susceptible to 
abiotic removal than most of the other heavy metals in aqueous systems. 

The cadmium marine biota concentration factor is commonly 100- 1000. 

The concentration of cadmium in sea otter kidneys suggests a possible food 


chain link from shellfish and could be evidence for the amplification of at 
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least one heavy metal through an aqueous food web. 

Copper; Copper is derived from many industrial processes and is 
an important product of boiler corrosion (Burre!] 1974). It is common in in- 
dustrial smoke as well as being a freshwater pollutant particularly when asso- 
ciated with acid mine drainage. Copper is used an an anti-fouling agent in 
marine paints. The amounts cf copper sained are large compared with its 
annual cycle (Bowen 1966). Copper is a constituent of many metalloenzymes 
concerned with oxidation, and other proteins including respiratory pigments 
of blood in many invertebrates. It can be toxic to algae, fungi, seed plants, 
bacteria, fish and invertebrates if present in elevated concentrations. 

Chromium; Chromium is a relatively common element. According 
to Szekielda (1973), the world mining production of chromium is about 2 million 
tons per year of which 0.04 million tons are discharged into natural waters 
annually. Chromium is also frequently used as a rust inhibitor. Chromium 
(iI) and chromium (IV) are the main species present in near shore waters, 
Bowen (1966), suggests that the function of chromium in living systems may be 
as an enzyme activator and as the active ingredient of the glucose tolerance 
factor. Trivalent chromium can be moderately toxic while hexavalent chromium 
is very toxic but noncumulative. 

Zinc: Zinc is a widely used metal. It may be dissolved from gal- 
vanized metal, and is also present in industrial waste. It is ache in several 
types of insecticides (Pettyjohn 1972), Zinc blocks are used on steel boat hulis 
as sacrificial anodes to protect the hull from electrolysis in sea water. Zinc 
is 2 common local pollutant of rivers. It is essential to all organisms and is 


a constituent of many metalloenzymes and of several proteins of unknown 
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function. Zinc in industrial smoke may cause lung disease. It is moderately 
toxic to plants and slightly toxic to mammals in elevated concentrations 
(Bowen 1966). The impact of zine on the environment closely parallels 
that of copper (Burrell 1974). 

Tron; Iron is an abundant and widespread constituent of rocks 
and soil. Iron is objectionable mainly because of the taste and color it im- 
parts on water and its staining and depositional characteristics. According 
to Hem (1971), a concentration of only a few tenths of a part per million of 
iron in a body of water can make it unsuitable for some use. Iron is an 
essential element in both plant and animal metabolism. It activates a num- 
ber of oxidases andis a constituent of many oxidizing metalloenzymes, 
respiratory pigments and proteins of unknown function (Bowen 1966). Iron 
can be slightly toxic to organisms if present in very high concentrations. 
A summary of industrial sources of these heavy metals is given in Table 2, 
Table 3 compares heavy metal levels introduced into the environment by 
some anthropogenic sources to levels introduced naturally. Federal and 


State drinking water standards are also presented. 


Element Fé 
General Industrial and Mining xX 
Plating 


Paint Products 
Fertilizers xX 
Insecticides/Pesticides 
Tanning 
Paper Products 
| Photographic 
Fibers 
Printing/Dyeing 
Cooling Waters 
Pipe Corrosion 


Data from Burrell (1974) 


General Distribution of Heavy Metals in Particulate Industrial Effluents 
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TABLE 3 


Fe Zn Cu Cr Pb 
3kg/yr. mined 2,1x1011 3x109 4x109 2x109 2, 2x109 
4¥ossil fuel concentration, ppm 

Coal 10, 000 50 15 10 25 
Oil 2.5 0.25 0.14 0.3 0.3 
4Fossil fuel mobilization, (x10%g/yr) 
Coal 1, 400 vi 2.1 14 3.5 
Oil 7 0.41 0,04 0,023 0.05 0.05 
Total 1,400 7 2,1 1.5 3.6 
“Weathering mobilization(x10%g/yr) 
River flow 24,000 720 250 36 110 
Sediments 100,000 80 80 200 21 
®* Drinking water standards, ppm Cr VI 
Not to be exceeded 0.3 5 - 0.05 0.05 
Desirable virtually virtually virtually absent absent 
absent absent absent 
6state of Florida waters, mg/l 0.05 
Not to be exceeded 0.3 1.0 0.5 0. 05 . 


Data from Bowen (1966) 
4Data from Bertine and Goldberg (1971) . 
°Federal Water Pollution Control Administration (1968) 


8Department of Pollution Control, Florida Chapter 17-3 
TABLE 3 


Anthropogenic levels of heavy metals introduced into the environment corapared io 
natural levels. Fedeval and State drinking water standards, 
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Il. DESCRIPTION OF STUDY AREA 


The area under investigation is part of the Indian River system 
which appears in figure 2. This system is actually lagoonal in nature with 
a barrier island separating il from the ocean. The barrier island along with 
the Florida mainland and Indian River Lagoon (Mosquito Lagoon) form the 
eastern, western and northern boundaries respectively of the river. The 
Indian River is one of the major water resources of East Central Florida 
providing recreation and commercial fishing (Lasater 1970). It is 123 miles 
long extending from latitude 28°48' about 10 miles north of Titusville south- 
ward to latitude 27°07' near Port Salerno. St. Lucie Inlet, Fort Pierce Inlet 
and Sebastian Inlet allow direct contact with the ocean resulting in saline water 
throughout the system. North of Sebastian Inlet, which is man-made, there 
is only indirect contact with the ocean. Between Melbourne and Cocoa, the 
Indian River connects with the Banana River which in turn connects to the 
ocean through the locks at Port Canaveral. North of Titusville, Haulover 
Canal links the Indian River with the Indian River Lagoon (Mosquito Lagoon) 
which connects to the ocean at Ponce de Leon Inlet. 

The Indian River is estuarine in character due to a significant 
amount of fresh water entering the system from a number of rivers, streams 
and small man-made canals as well as from precipitation and runoff from 
adjacent land masses. Little ecological work has been done in the Indian 
River system. The area is relatively undeveloped and considered to be one 


of the least polluted estuaries available for study (Simmons 1975). 
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Man's presence in the arva is evidenced by a number of causeways 
across the river at various locations along its length. Many of the causewnys 
are the result of massive fill operations which result in the division of the 
river into discrete sections slowing down the flow of water. Another anthro- 
pogenic influence on the river is the Intracoastal Waterway which runs nearly 
its total length. Numerous spoil islands were created all along the waterway 
as a result of the dredging and initial maintenance of the 100-foot wide, 12~f1. 
deep channel. The only major industrialized area is the Kennedy Space Center 
located on Merritt Island between the Indian and Banana Rivers. The citrus 
and tourist industries are the only other large industries that could affect the 
study area. For detailed information on the biological, chemical and physical 
water qualily of the system see the Semi-Annual Reports to the Kennedy Space 
Center (1972, 1973, 1974). 

Banana Creek (Figures 3 and 4) was chosen as the location for the 
majority of sample sites in this study. Much of the runoff from the KSC com- 
plex drains into Banana Creek. More insight might be gained into the impact 
of KSC on the environment through the trace metal levels introduced into the 
Creek. In spite of the Space Center the nature of the area would suggest a 
relatively unpolluted svstem. There is no other industrial development in 
the area and very little traftic, both autormobile and boat. Banana Creek 
could yield baseline information for trace metals in the sediments if no major 
pollution sources are encountered. Another reason for concentrating the 
sampling effort in Banana Creek is the relatively high incidence of sulfide 
mud encountered there in previous investigations (Beazley, et al. 1974). 


The strong aifinity of heavy metals for sulfur suggest that the Creek might 
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Figure 2. Indian River System - 
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be a good sink for metals in the system. A number of other studies are being 
conducted in Banana Creek which include the weekly monitoring of the water 
chemistry, a pesticide degradation study and an investigation of the trace 
metals in the mangroves along the shore. A survey of heavy metals in the 
sediments combined with the information gained by these and previous studies 
will help in formulating an understanding of the total system in the Creek. 

Banana Creek is a shallow drainage channel for much of the northern 
half of Merritt Island. The Creek is about 7 miles long extending from the 
headwaters of the Banana River west to the Indian River. It is divided by 
State Road No, 3 into a basin on the east side and the main creek on the west 
side connected by a culvert under the road. The Creek can be considered as 
a permanently flooded part of the Indian River Lagoonal System. Its normal 
flow is from east to west with the prevailing easterly winds. The direction 
of flow will reverse when the wind shifts and causes the Indian River to pile 
up along its eastern shore. Under these conditions, the flow in the Creek is 
from west to east and river water is driven into the basin on the east side of 
the culvert. As a result, the basin and Creek remain saline at all times, 
even during periods of high rainfall and runoff. 

In 1963 Banana Creek was cut off from the Banana River for the 
construction of the crawlerway from the Verticle Assembly Building (VAB) 
_ to the launch pads. Starting in 1964 a series of dikes were constructed 
along nearly the entire north and south banks of the Creek from State Road 
No. 3 to the Indian River as well as along some parts of the banks in the 
eastern basin of the Creek as indicated in Figure 4. These dikes serve to 


impound the normal runoff waters for mosquito control. As a result surface 
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Figure 3. Study Area and location of sites sampled in the Indian River and Banana River, 
and two sites in Banana Creek. 
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_ runoff reaches the Creek only during the heaviest rains. 

Banana Creek has an average depth of 0.5 meter except for a borrow 
pit located just east of State Road No. 3. Throughout the eastern Gasit and 
along the north side and middle of the Creek, the sediment consists of a soft 
“oozy" black mud with a faint odor of hydrogen sulfide. Shell layers are found 
at different depths in the sediments. Closer to the mouth of Banana Creek the 
bottom consists of fine uniform sand which is common throughout the Indian 
River System. Towards the mouth of the Creek and out into the Indian River 
the water depth increases, the water becomes clearer and a humber of grass 
beds occur. Throughout most of the creek, the water is very turbid due to 
the shallowness and fine particulate sediments. The water temperature is 
equal to that of the air and is constant throughout ranging from 22°C in the 
winter to 28°C in the summer. Dissolved oxygen is normally at the saturation 
level and the average pH is 8. The nutrient levels are low probably because 
they are tied up in the biomass. For a detailed report on the water quality 
in the Creek see Sramek, et al. (1974, 1975). . 

Banana Creek is lines intermittantly with red and black mangroves, 
Rhizophora mangle and Avicennia germinans respectively, and Spartina 
marshes. Although much of the bottom is barren of vegetation, nearshore 
Diplanthera (shoal grass) is common and is displaced by manatee grass, 
Syringodiam (=Cymodocium) at depths greater than 0.5 meters. The macro- 
algal forms of Gracilaria and Eucheuma appear in patches throughout. 
Eucheuma is abundant in the southern shallows. 

To the north (east of State Road No. 3) and quite far south (west of 


State Road No. 3) of the Creek there are citrus groves. Just west of State 
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Road No. 3 and north of the Creek is the construction site for the Space Shuttle 
landing strip. There is a former sewage outfall at site 11. The treatment 
plant now employs an infiltration pond; thus, the flow in the outfall is at a rate 
of flow from 10 to 100 gallons per minute. The overflow from the pond empties 
into the Creek at site 11. 

Samples were also taken at specific sites in the Banana River and 
the Indian River, as indicated in Figure 3. Also two other sites in Banana 
Creek were sampled. This sampling was in conjunction with another investi- 
gation of sediment chemistry in the hope of correlating heavy metal distribution 
with other chemical and physical parameters of the sediment and overlying water 
column. These areas also are influenced by the KSC Complex, particularly the 
sites in Banana River. Site 4-16S is at an outfall from the southern half of the 
Air Force Base industrial area ‘and the Creek at site 4-18 carries the storm 
drainage from much of the Space Center industrial area as well as flow down 
water from testing cells (Carey 1975). Site 1-15 is at the edge of the Intra- 


coastal Waterway. 


TV. MATERIALS AND METHODS 


Contamination of samples is one of the biggest problems to be faced 
in trace metal analysis. Losses due to adsorption on aivtanea which come in 
contact with the samples also pose aproblem, An effort was made to minimize 
contamination as much as possible, attempting to make sure that samples aeeR 
came in direct contact with metal surfaces. Robertson's (1968) paper on con- 
tamination during trace metal analysis of sea water was used as a guide in 
choosing equipment and reagents for the analyses. Losses due to adsorption 
were minimized by acidifying all solutions that were stored for any length of 
time as recommended by the United States Environmental Protection Agency 
(1974). 

A. Sampling Procedure 

A total of 33 sites indicated on figures 3 and 4 were sampled during 
the spring and early summer of 1975. Whenever possible, sampling was done 
from a fiberglass boat although no difference was found when an aluminum boat 
was used, Care was taken tocollect samples away from any influence by the 
outboard motor. In shallow water an inverted ziplock plastic bag was used to 
take samples by hand. In deeper water, a 30cm T-type PVC corer was used 
(Daggett 1973). The PVC pipe was split lengthwise so that the core could be 
easily opened on site. A band clamp was used to hold the pipe together while 
the core was taken (Peffer 1975). Samples were removed from the center of 
the surface sediment in the cores. Using either method, samples were taken 
only from the top few centimeters of the sediment. All samples were trans- 


ported back to the laboratory in an ice chest and frozen immediately if analysis 
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could not be carried out within 12 hours, At the Banana River and Indian River 
sites plus sites 1-26 and 1-29S in Banana Creek, other chemical parameters 

of the sediment and bottom water were measured. These included temperature, 
salinity, pH, Eh and dissolved oxygen. Cores were taken for laboratory anal- 
ysis of grain size, water content, volatile solids, chemical oxygen demand, 
Kjeldahl nitrogen, nitrates, total phosphorus, phosphates, carbonates, total 
and organic carbon, and sulfides. For detailed reports on these analyses 


see Mendelsohn (1975) and Peffer (1975). 


B. Laboratory Analysis 

Everything that came in contact with the samples was washed thor- 
oughly in detergent and rinsed in tap water followed by rinses with 1:1 nitric 
acid (HNO3), tap water, 1:1 hydrochloric acid (HCl), and glass distilled water 
in accordance with the procedure recommended by the United States Environ- 
mental Protection Agency (1974). All solutions and digested samples were 
kept in high density Nalgene polyethylene bottles. 

Trace metal determinations were done using Atomic Absorption 
Spectrophotometry which is the most common and widely accepted method 
®urrell 1974). Iron and zine were analyzed for in the Chemical Oceanography 
Laboratory at Florida Institute of Technology using a Jarrell~Ash Model 82- 
270 Atomic Absorption Spectrophotometer. Cadmium, copper, chromium 
and lead were present in concentrations below the detection limits of the 
Jarrell-Ash. To avoid having to concentrate the samples which adds to the 
possible sources of error, tests for these metals were run in the Support 
Operations Laboratory (SO-~LAB~32) at the Kennedy Space Center using a 


Perkin-Elmer Model 303 Atomic Absorption Spectrophotometer equipped 
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with a strip chart recorder and a Model HGA-2000 Heated Graphite Atomizer. 

An oxidizing acid digestion of the sediments is necessary to solu- 
bilize the metals for instrumental analysis. After much preliminary experi- 
mentation, a 4:1 nitric acid (HNOg) : perchloric acid (HC1O4) mixture along 
with heating was found to be most effective. According to Burrell (1974) a 
nitric acid perchloric acid mixture for the digestion of sediments is widely 
used. The extraction technique was designed to yield trace metal concentra- 
tions within the direct reading limits of the spectrophotometers so that no 
concentration or dilution of the samples was involved after the digestion pro- 
cedure was complete. In this study, only the "environmentally active'' metals 
were of interest because of their potential availability to the biota (Bopp and 
Biggs 1973), therefore a total digestion of the sediments was not sought. 
Difficulty was encountered during the digestion due to extreme bumping of 
the sediments upon heating in the acid mixture. Another problem was the 
lack of a hood equipped to handle perchloric acid fumes. Doing the digestion 
under reduced pressure solved these problems. The dried sediment along 
with the acid mixture was placed in a 250 ml long-neck sidearm boiling flask. 
The flask was connected to a sink aspirator with Tygon polyethylene vacuum 
tubing. To ensure even heating the flask was set in a hot sand bath. The 
aspirator reduced the pressure in the flask which facilitated even boiling, 
eliminating bumping and cutting down the digestion time considerably. The 
acid fumes were drawn off and washed down the drain with the running water. 
Unfortunately with the equipment available, only two digestions could be run 
at the same time. 


Sediment samples were dried in an oven at 105°C for 12 hours. 


28 


Frozen samples were lirst allowed to thaw at room temperature before being 
placed in the oven. The dried sediment was ground as finely as possible in 
a mortar and pestle and large shell fragments were eliminated. One gram 
of ground dried sediment was placed in a boiling flask along with 25 ml of the 
mixed acid solution. The flask was stoppered tightly with a teflon stopper, 
hooked up to the aspirator and placed in the hot sand bath. A digestion was 
considered complete when the solution turned clear, white fumes appeared 
and only white sand was left undigested. Most digestions took a little over 
an hour. Upon completion of the digestion, the flask containing the solu- 
bilized metals was allowed to cool and then the solution was filtered through 
a 47 mm Gelman fiber type A glass filter using a 125 ml Millipore filtering 
apparatus. A 1:1 nitric acid (HNO3) solution was run through the filtering 
system as a rinse followed by glass distilled water to remove any metals 
in the filter prior to filtering the sample. After rinsing the flask thoroughly 
with glass distilled deionized water, the sample was filter. The filtrate 
from the sample was quantitatively transferred to a 100 ml volumetric flask 
which was then filled to volume with glass distilled water. The solution was 
placed in a 125 ml Nalgene bottle ready for analysis. Blanks were run through 
the entire procedure periodically to check for contamination. Spectrophoto- 
metric analyses of the samples and blanks were run as soon as possible 
although the U.S. Environmental Protection Agency (1974) cites holding times 
as 6 months for metals in solution at pH <2 in plastic or glass containers. 
Standards were made daily from 1000 ppm stock solutions of the metals. 

The operating conditions of the Atomic Absorption Spectrophoto- 


meters were in accordance with the instrument manuals and are listed in 
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Appendix 1, Samples were introduced into the graphite furnace using a Centaur 
microliter pipet with disposable plastic tips. To insure high precision a stand- 
ard procedure was adopted. The pipet was rinsed with the saniple. It was again 
filled with sample which was injected into the furnace by applying a constant 
pressure. A blank of glass distilled water was injected between each set of 
samples to check for memory effects and also as a check on background ab- 

. sorption. Standards were run often to check on conditions. The plastic tip on 

the pipet was changed for each new set of samples. Graphite tubes were replaced 
when loss of sensitivity and repeatability occurred, usually after about 200 in- 
jections. 

A number of checks were placed on the procedure to obtain results of 
the highest precision and accuracy possible. In testing the sampling procedure, 
some of the sites were sampled a number of different times. Also, two separate 
sediment samples were collected at many of the sites using both sampling tech- 
niques and were analyzed separately. Frozen and nonetnosen sampies from the 
same sites were also analyzed. None of these tests yielded any significant dif- 
ferences using the Student's t-distribution at the 5% significance level (Sokal 
and Rohlf 1969). The average readings of the blanks from each set of deter- 
minations on the Atomic Absorption Spectrophotometers were subtracted from 
the sample readings to compensate for any contamination in the procedure as 
has already been mentioned. Losses of heavy metals due to adsorption during 
processing were checked by adding a known amount of the metals being tested 
for to some of the samples and running through the entire digestion and filtering 
procedure. The percent recoveries obtained were: iron e 91.5%, zinc - 98.5%, 


chromium - 85.1%, copper - 91.2%, lead ~ 80% and cadmium - 88.7%. Since 
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all metal concentrations were obtained by the method of direct determination 
(by comparison of the absorbances or peak heights of unknown samples with 
those of aqueous standards), the samples used for percent recovery data were 
a good check for matrix interferences. When the sample matrix interferes 
giving erroneous readings, samples with known amounts of metals added must 
be used as standards, thus duplicating the matrix of the sample. This is called 
the method of standard additions and is usually applied when analyzing samples 
of complex matrices such as sea water. While direct determination values in 
this study were slightly higher than those obtained by the method of standard 
additions, the difference was not great enough to warrant the more complex 


and time consuming standard additions method. 


C. Treatment of Data 

Standard curves weue prepared by plotting absorbance versus con- 
centration in the case of iron and zinc, and relative peak height versus concen- 
tration for the other metals. These standard curves appear in Appendix 2. 
A computer program was used to find the best line for each calibration curve 
by the method of least squares linear regression (Sokal and Rohlf 1969). Using 
these equations for the best line, the concentration of each sample was deter- 
mined and reported in mg/kg of dry weight of the sample. In most cases con- 
centration values were averages of triplicate atomizations with individual ab- 
sorption or peak height values varying not more than + 2 absorption or peak 


height units full scale. 
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Vv. RESULTS 


In order to establish good baseline data, as many sites should be 
sampled as possible, thus time die not permit a detailed physical and chemical 
analysis of every site sampled. Some of these parameters determined in ear- 
lier investigations are summarized below and will be used in an effort to under- 
stand the heavy metal distributions found in this study. Appendix 3 contains 
the physical and chemical data for the sediments sampled during this investi- 


gation. 


A. Physical Characteristics 

The sediments sampled ranged in color from gray to black. Most 
of the sites in Banana Creek yielded black sediment as did those in Banana 
River. The sediments in the Indian River tended to have a dark gray to an 
olive green color. The sediments sampled were found to be predominantly 
finé sand (425 A- 75) with shell or shell fragments. Grain size analyses 
. were not done on the Banana Creek sediments during this study, but data from 
an earlier study are available and appear in Figure 5. Sites 4-16, 4-16S, and 
4-18 in Banana River exhibited some sandy silt fractions but still were about 
90% fine sand (Mendelsohn 1975). The grain size was very aie in all the 
areas sampled. 

A strong to weak odor of hydrogen sulfide in the sediments was re- 
ported in previous studies, particularly in Banana Creek (Beazley, et al. 1974, 
and Daggett 1973). This odor did not seem to be as evident during the present 
investigation although it was faint at many of the sites in Banana Creek and 


sites 4-16 and 4~-16S in Banana River. 


POT: 


TITUSVILLE 


EXPLANATION 


PLT 

4 FINE SAND nee SILT 

wall 

0 ! 

[rm saxo a 

WITH SHELL NALY ICAL MILES 
& SAMPLING STATION ( ) ORGANIC CARBON CONTENT 

IN PERCENT 


Orsino Couséwoy 


from Kalajian 1974 


The distribution of sediments and their organic carbon content in Banana Creek 


Figure 5. 
and the associated Indian River. 


(a3 


33 


B. Chemical Characteristics 

Data is available for pH, Eh and sulfide levels in Banana Creek 
sediments for only two sites. Appendix 3 contains this data for these sites and 
the sites sampled in the Indian River and Banana River. All sediment oH valued 
were very close with an average of 6.6. These values were just slightly less 
than those for the bottom water. The lower sediment pH values are probably 
due to respirational activity of microorganisms involved in the decomposition 
of organic detritus in the sediments resulting in an evolution of COg and thus 
a lowering of pH. The redox potential or Eh values for all samples measured 
were very similar and were all negative indicaiing a reducing environment in. 
these sediments. ‘Sulfide values were significantly different for the sediments 
tested. The values do not seem unusual although the sites in Banana River did 
exhibit higher values compared to Indian River sites. Beazley, et al. (1974) 
found high sulfide values in the Banana Creek sediments relative to the sulfide 
values in the Indian River sediments. 

Organic carbon values for Banana Creek sediments are available 
from Daggett (1973) and values for the Indian River between the Orsino and 
Titusville causeways appear in Figure 5. The organic carbon data collected 
during the present investigation appear in Appendix 3. According to Kalajian 
(1974), the majority of the sediments in the area have an organic carbon content 
of less than 1% which compares well with other coastal locations for similarly 
textured sediments. The organic carbon levels determined in this study were 
fairly uniform with the highest levels being found in Banana Creek and Banana 
River corresponding to the areas of smaller grain size. Daggett (1973) found 


an inverse relationship between organic carbon and sedimeni grain size. 
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C. Heavy Metal Concentrations 

The heavy metal concentrations in the sediments analyzed are fairly 
uniform and appear to be low compared with other studies of a similar nature, 
The water depth for each sample site and the concentration of heavy metals 
found in the sediments at those sites appear in Tables 4 and 5. The highest 
metal levels were found at the sites in Banana Creek and the Banana River 
where the sediment grain size was the smallest, and the organic carbon and 
sulfide levels the highest, The lowest metal values were found in the Indian 
River where the sediment is a larger grain size and the organic carbon and 
sulfide levels are lower. 

Regression analysis was run and the metal levels were found to 
correlate well with the sulfide levels at the 1% significance level. The cor- 
relation coefficients obtained are 0.972 for iron, 0.958 for zinc, 0.960 for 
chromium, 0.953 for copper, 0.939 for lead and 0.915 for cadmium. The 
heavy metal concentrations also correlated well with the organic carbon con~ 
tent yielding correlation coefficients of 0.928 for iron, 0.992 for zinc, 0.912 


for chromium, 0.969 for copper, 0. 965 for lead and 0.818 for cadmium. 


TABLE 4 


Heavy Metal Concentrations found in the Sediments of Banana Creek 
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Heavy Metal Concentrations found in the Sediments of Banana Creek, the Indian River and the Banana River 
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VI. DISCUSSION 


It appears from a comparison of the heavy metal levels found in 
this study with those found in other studies of a similar nature (Bruland, et al. 
1974; Bopp, et al. 1973 and Segar and Pellenbarg 1973) that the metal concen- 
trations in the study area are relatively low and with a few exceptions may be 
close to natural background levels. Most trace metals entering the sediments 
are associated in some way with particulates. They may be sorbed on the 
surface of particulate matter; bound to humic materials; precipitated as sul- 
fides; attached to an oxide coating; sorbed on the exchange sites of clay minerals; 
or incorporated in detrital, organic or mineral phase. The major fraction within 
the crystalline lattice of the mineral is not likely to be released upon deposition, 
and is therefore not of interest in this study. Changes in redox potential, pH, 
composition of the solution, biological activity etc. can bring about changes in 
the availability of trace substances. The parameters observed to be important 
for the heavy metal distribution in this study are grain size, sulfide concentration 
and organic carbon content. High concentrations of metals corresponded to 
smaller grain size, high sulfide and organic carbon contents, with the converse 
being true for low metal concentrations. 

Some caution should be exercised in comparing heavy metal concen- 
trations between sites in this study and also in comparison with other studies. 
Some of the problems associated with the latter have already been discussed. 
Since the metal concentration of the sediments is definitely related to surface 
area (Oliver, 1973), only data on sediments with the same surface area should 


be compared. Many investigators seive the sediment samples and analyze only 


38 


that portion that passes through a U.S, Standard No. 230, 63-micron mesh 
sieve (Bopp and Biggs, 1973). This is nol a useful procedure in this investi- 
gation because 90% of the sediments had uw mean diameter of greater than 75 
microns. Since the particle sizes found were very uniform and an effort was 
made to use as homogeneous samples as possible, a problem was not antici- 
pated in the comparison of different sample sites. 

_ Low heavy metal concentrations would be expected in this study area 
due to the lack of fine grained sediments. Fine sands do not have as much sur- 
face area for binding metal ions as clays do. In this study it was found that the 
highest concentrations of trace metals occurred in areas where the sediment was 
the finest and also levels tended to oe greater in deeper water. Fine particles 
tend to stay in suspension longer, especially close to shore. They can be trans- 
ported away from their source and precipitate into sediment sinks in deeper 
water. Leland, et al. (1973) found that the sediment heavy metal concentration 
in southern Lake Michigan was greatest in the middle of the lake where active 
sedimentation occurred in deep water, although most pollution sources were 
close to shore. Thomas (1974) cites high organic carbon content of dredged 
borrow pits in the Banana River as indicating that these holes have become 
sedimentary traps. 

The sulfide levels found in the sediments exhibited a very good 
positive correlation with the heavy metal concentration. Due to the stability 
of the resonance structure formed, heavy metals have quite an affinity for 
sulfur, and combine with it whenever possible which explains the good cor~- 
relation. Sulfur acts like carbon in the energy exchange, acting as an electron 


acceptor. Suirfides and elemental sulfur occur in the earth's crust. Organic 
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materials can also serve as a source of sulfur by anaerobic degradative pro- 
cesses. This seems to be the casc in Banana Creek as well as the sites sam- 
pled in the Banana River. Suliur containing pesticides are regularly used in the 
area. Ethion is used on the citrus trees, and malathion and fenthion are sprayed 
by plane for mosquito control. These are organic pesticides as are most pesti- 
cides today, and are eventually decomposed in the environment by biochemical 
and physiochemical processes. Since these pesticides contain sulfur, their 
interaction with sulfur metabolizing microorganisms may be of significance to 
the equilibrium of the sulfur cycle (Sherman, et al. 1974). Sulfur water rich 
in hydrogen sulfide is common to artesian wells in the area, and could possibly 
be an additional source of sulfur to the study area. 

Organic matter is important in the complex action of heavy metals 
in waters and sediments. Chen and Lu (1974) stzt~ that there is a linear rela- 
tionship of total organic carbon to other pollution parameters such as heavy 
metals. Total organic carbon can be used as a major parameter in determining 
the pollution status. The organic carbon distribution in the sediments of the 
study area exhibits a good negative correlation with grain size (Daggett 1973), 
and also correlates well with trace metal levels. The food chain in this area 
is detrital. Very few herbivorous species have been found suggesting that 
bacterial and fungal action is necessary to convert marine flora to an assimi- 
lable form. The microorganisms acting on the flora can cause the release of 
heavy metals from the plants into the water and ultimately the sediments. 

There is a marked uptake of heavy metals from the sediments by 
plants (Banus et al. 1974). This can cause a problem when the plant dies or 


is broken off by wave action because it can be transported to a detritus or 
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sediment sink in deeper water, Banus, et al. (1974) found that marsh vegetation 
removes lead from the sediments and incorporates it into plant tops which may 
be exported to deeper waters. Increasing the plant standing crop, as occurs with 
an increase in nutrients, can increase the amount of lead exported from the 
marshes. This can cause a trace metal accumulation far from the source. 
Segar and Pellenbarg (1973) point out that this is also a beneficial phenomenon 
in that the plants can remove heavy metals from contaminated sediments, thus 
getting the metals back into the water column and detritus food chain before toxic 
levels have had a chance to build up. Another interesting phenomenon has been 
ceported by Lindberg and Harriss (1974). They found a 3.2 fold enrichment of 
mercury concentrations in mangrove litter as compared to undecomposed leaves 
and a 10.4 fold enrichment in suspended detritus. Two hypotheses to explain 
this concentration of mercury in the decomposing leaves were presented. A 
strong chemical association between mercury and the organic constituents most 
resistant to degradation could result. The total mercury in the original plant 
tissue would be selectively concentrated into the decreasing volume of solid 
material during decomposition. An increase in the mercury per unit weight of 
plant detritus would result. Alternatively, the mercury could be concentrated 
by the microorganisms that associate with the detritus particles. This detrital 
concentration of mercury could have far reaching implications as organisms in 
the detritus-based food web are subjected to a higher natural flux of mercury 
than organisms which feed primarily on plankton. 

The role of hydrous oxides in the study area is difficult to determine 
with the data available. Since the negative charge characteristics of iron and 


manganese oxides increases with pH, it mignt be expected that an increased 
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uptake of cations would accompany passage from fresh into saline waters. 

This has not been found to be the case in most studies (Burrell 1974). Under 
reducing conditions, as were present in the surface sediments of the study area, 
hydrous oxides of iron and manganese are solubilized and may result in increases 
in concentrations of cations and anions in overlying waters. The metal cations 
thus released are probably bound to sulfides and precipitated to the sediments 
again. To really understand the role of trace metals in the environment, a 
knowledge of the forms and mechanisms of transformation of these trace metals 
in the system is necessary. The scope of this investigation did not include a 
detailed physical, chemical and biological analysis of the sediment and water at 
each site. Any conclusions have been carefully drawn on the basis of the data 
available. 

Looking at the data, generally speaking, sites 1 and 2 have relatively 
high metal levels, These sites are in a large open basin where the water depth 
approaches the maximum in the creek. It is possible that this basin could act 
as a sediment sink especially since it has been cut off from the headwaters of 
Banana River resulting in decreased flow. This area was previously found to 
contain high concentrations of hydrogen sulfide mud and would therefore be 
effective in the uptake of heavy metals. There are no dikes in this area so 
runoff is probably greater and may contribute trace metals to the area, 
especially with the proximity to the crawlerway and launch pads. No data 
could be obtained on the heavy metal content of rocket exhaust. Site 10 also 
showed generally higher levels of the metals tested and is also in deeper water. 
Although runoff is restricted by dikes this site could possibly be receiving 


particulate matter with sorbed metals from the periodic overflow of the 


infiltration pond occurring at site 11. Chen and Lu (1974) report that sewage 
effluent particulate matter may settle out at quile a distance from the outfall. 
Metals sorbed to particles that do settle out near the outfall can become re- 
mobilized and be redistributed. The borrow pit is just west of the outfall and 
could be acting as a sink for the overflow particulates and sorbed heavy metals 
and thus could dav oan for the low metal concentrations encountered. In 1972 
Nevin and Beazley encountered the highest bacterial population in the sediments 
of the entire area at this outfall. No information is available as to when the 
treatment plant began employing an infiltration pond. 

The first two sites on the west side of the culvert generally showed 
low metal concentrations. From the sediment analysis (see Figure 5), higher 
concentrations would be expected is to the finer grained sediment. Also the 
proximity to State Road No. 3 would seem to warrant higher levels. Ih the 
beginning of December 1975, Banana Creek was dammed while a crawlerway 
from the Space Shuttle Runway to the Verticle Assembly Building (VAB) was 
built. This isolated the east end of the Creek from any flow or flushing and 
cut down on the flow in the west end near the dam. Buried sediments were 
washed up during the jetting of piling for the bridge across State Road No. 3. 
Heavy metals buried with the sediment could also have been released. The 
stress on the environment was evidenced by a fish kill, in January preceded 
by an algal bloom. The returning to solution of buried nutrients is one ex- 
planation (Sramek et al. 1975). A similar fish kill occurred in May. The 
jetting of piling was completed in the beginning of February. Diapers were 
placed on either side of State Road No. 3 to contain the sedimentation but 


turbidity still increased. The effects of these activities on the trace metal 
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distribution is extremely difficult to assess without anv concrete data. 

The next two sites (14 and 15) had relatively high metal concentrations 
for all metals. These sites also occur within the silt bottom area but are in 
deeper water than the two previous sites (12 and 13). This fact combined with 
the fine grain size could account for the elevated metal levels. This area may 
act as a sink for particulates entering from runoff and particularly from the 
construction site. The rest of the sites out to the Indian River had relatively 
average to low values which would be expected due to the fine sand sediment. 
Both banks of the creek are completely diked. The vegetation along the shore 
has been described in Section III. There is some accumulation of detrital 
material near shore but the metal levels indicate a fairly even distribution. 
From site 21 westward, the sediment has more shell fragments in it and the 
metal levels are generally lower. The water is a little deeper and clearer 
and grass beds appear near the mouth of Banana Creek. These grass beds 
could be taking up trace metals from the sediments as mentioned before, and 
therefore contributing to the lower levels in the sediments. 

Three sites are worth mentioning because of unusual values obtained. 
Site 1 had a very high concentration of chromium possibly due to the proximity 
of the site to the crawlerway and launch pads where chromium was used in con- 
struction of the towers. In the east side of the Creek, the chromium and lead 
levels were high at site 6 while none of the other metals seemed affected. At 
this site there is a ee metal cylinder about 3 meters in diameter stuck in the 
sediment and extending well out of the water. It is badly corroded which could 
account for the elevated chromium and lead levels. The origin of the cylinder 


is unknown. On the west side of the Creek, site 20 exhibited high levels of 
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copper and lead, This site was adjacent to a dike protected from wave action 
by a large number of old tires which could be releasing these metals to the 
water, Many cmpty mollusc shells were also found at this site and it is possible 
that Lhese organisms were concentrating the metals which are now being re- 
turned to the sediments by decomposition. 

Cadmium values appeared to be uniformly low. They did not vary 
as the other metal values did from site to site. According to Burrell (1974), 
there is some evidence that cadmium may be considerably less susceptible to 
abiotic removal than most of the other heavy metals. This would explain the 
uniform values. Also the low concentrations may be more subject to analytical 
error than the other metals. Zinc too poves somewhat of a problem because 
it does not seem to follow all the same trends as the other metals. On the whole 
the values seem lowest close to shore and highest at the sites in deeper water. 
The levels are much higher for the sites in the west side of Banana Creek than 
the east side. None of the other metals follow this trend. A probable source 
of zinc is the culvert under State Road No. 3. It is made of galvanized metal 
which has a high zine content. While the culvert is coated with a layer of 
asphalt, many places have cracked and worn away. Since the flow of water 
in the Creek is generally from east to west, a higher concentration of zinc 
would be expected on the west side of the culvert. Also the pipes running 
through the dikes to control the level of the impounded waters are galvanized. 
Much more the the west side of the Creek is contained by dikes. 

Sites 1-29S and 1-26 were also in Banana Creek. Site 1-298 is 
located at the site of the infiltration pond overflow (Site 11). 1-29S was a little 


closer to the overflow location than site 11. The heavy metal concentrations 


at site 1-29S were somewhat lower than those at site 11 which may support the 
theory that effluent particles settle out at distances from the outfall or overflow 
in this case. Site 1-26 showed higher metal levels than site 21 which was the 
closest of the other sites. Site 1-26 could be located in a sink created by the 
water flow around the adjacent island. 

The sites in the Indian River (1-15, 1-19, 1-20) all exhibited low 
concentrations of heavy metals as did the other sites in the river (10, 11, 12). 
The fine sand sediments at these sites would indicate lower metal levels than 
sites with smaller grain size. At site 1-15 slightly higher levels of copper and 
lead could be a result of the boat traffic in the Intracoastal Waterway. Periodic 
maintenance dredging of the Waterway would tend to eliminate the evidence of a 
sediment sink there and thus finer grained material is not evident in Figure 5. 

The Banana River sites (4-12, 4-16, 4-16S, 4-18) all had relatively 
high concentrations of metals particularly site 4-16S. The sediments in the 
River were the finest encountered with the possible exception of some sites in 
Banana Creek. The sulfide levels were very high compared with other areas 
sampled. Site 4-18 is at the mouth of a creek that acts as a storm drain for 
much of the KSC Industrial Complex. This creek also receives wash down 
water from rocket testing cells (Carey 1975). A large mat of manatee grass 
(Syringodium) was present at this site. The decomposing grass could add 
considerable amounts of metals to the sediment as discussed previously. The 
runoff and wash down waters are also potential sources of heavy metals that 
would tend to precipitate out with increasing salinity in the River. Site 4-165 
is located at the outfall for an industrial sewage plant serving much of the Air 


Force Base Industrial Complex. The nature of the effluent could not be 
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determined. The treatment is secondary so most of the heavy metals should 
be removed by activated sludge uptake. According to Cheng, et al. (1975), 
secondary treatment significantly reduces the trace metal level in the effluent. 
The canal running from the treatment plant to the river is long and narrow. 

Its entrance into the river is nearly blocked by a large red mangrove tree 
(Rhizophora mangle) which contributes a lot of decaying leaf litter and detrital 
matter to the water. There is very little circulation in the area and the man- 
grove roots trap much of the fine sediment creatinga sink at the mouth of the 
channel from the treatment plant. It seems possible that some of the metals 
are taken up by the mangrove tree but are eventually returned to the same area 
in decaying leaf litter with little transport due to reduced circulation. Site 
4-16 could also be influenced by the sewage outfall and decomposing plant 
material. It was located in deeper water so it could act as a sink for any fine 
particulate matter transported from site 4-168. Runoff from the NASA Parkway 
East is also a potential metal source. Site 4-12 was located near the shore of 
a small spoil island accommodating a large number of birds. The metal levels 
were somewhat elevated but do not appear to indicate any unusual problem. It 
is possible that the large bird population is contributing heavy metals to the area 
on and around the island in their waste products. Many of these birds are top 
predators and could be victims of food chain magnification of heavy metals. 
Although the metal levels were elevated at these sites in Banana River relative 


to the other sites sampled, they are still low in comparison to other studies. 
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Vo. SUMMARY AND CONCLUSIONS 


The heavy metal levels found in the sediments of the waters near 
the Kennedy Space Center were low compared with other similar studies. The 
highest levels encountered appeared to be a consequence of high sulfide and 
organic carbon levels and smaller graiz: size in the sediments. Any heavy 
metals entering the system were probably sorbed to fine particulate matter 
and thus ended up in sediment sinks where these fine particles tend to settle 
out. The sulfide muds of the area are very effective in scavenging heavy metals 
which have a strong affinity for sulfur compounds. Areas with a lot of plant 
detritus had higher metal levels possibly due to the concentration of metals 
by decaying plant matter and the attraction heavy metals have for organic 
compounds. The vegetation of the area seems to be efficient at recycling the 
heavy metals. Plants take up heavy metals from the sediments as evidenced 
by low levels in the grass beds. When the plants are decomposed the metals 
are returned to the water column and sediments by bacterial action. A similar 
cycling can take place by detritus feeders. 

The sources of metals to this system are limited. The area is rela- 
tively undeveloped with no industrialization except for KSC. The sewage treat- 
ment plants are a probable source although the plant in Banana Creek only dis- 
charges directly into the Creek during periods of overflow. Runoff is a possible 
source although it has been cut down in Banana Creek due to the impoundments 
for mosquito control. The areas the runoff comes from are mostly undeveloped 
land and citrus groves. Insecticides and pesticides are a potential source of 


copper and lead in the runoff but the amounts are probably negligible. Boat 
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traffic particularly in the Waterway where it is heaviest would be expected to 
contribute some metals such as copper, zinc, iron and lead. ; The atmosphere 
is probably the higycest source contributing metals through aerial fallout and 
precipitation. The metals in the atmosphere probably originate mostly from 
the burning of fossil fuels, especially gasoline used by cars. There is little 
traffic in the area compared to large urban centers and thus the low lead levels 
encountered in the sediments. 

Although sediments are considered to be sinks for heavy metals, they 
are not necessarily permanent. The metals can be remobilized by changes in f 
the chemical conditions such as the redox potential. Plants and animals are 
also important in remobilizing metals. Plants can take up metals from the 
sediments and introduce them back into the water column upon decay. Metals 
may be exported great distances from the original sediment sink by plant detritus. 
Many marine organisms have the ability to concentrate heavy metals well above 
the levels in their surroundings. Food chain magnification can occur with pos- 
sible serious consequences to man and other top predators at high trophic levels. 
Some detritus feeders are capable of remobilizing significant amounts of heavy 
metals from the sediments. 

A lot more work needs to be done on heavy metal levels in the environ- 
ment of the Indian River system. In order to understand the complete cycle of 
the metals entering and leaving the system, a number of parameters should be 
tested. The more complete the knowledge of the chemical speciation of the 
metals in the sediments the easier it is to determine their source and more 
importantly their potential effect on the system. Unfortunately this information 


is lacking. Analytical methods that are sensitive enough are seldom sufficient 
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to differentiate as to species. Those methods that combine specificity and 
sensilivily such as mass spcclromctry are hardly in the class of routine meth~ 
ods available for most laboratories. Much of the data available on chemica} 
speciation of metals is obtained from modeling of the system. Predictions 
made from modeled systems should be used cautiously since it is impossible 
to duplicate the complexity of the natural environment. To determine the 
sources of heavy metals entering a system, all sources should be checked for 
metal levels e.g. atmospheric fallout, precipitation, runoff, ground water, 
stream and river inputs, etc. For the area under investigation in this study; 
heavy metal levels of the atmosphere, runoff, ground water and any fresh 
water inputs as well as interstitial water and the water overlying the sediments 
would provide a good insight into the sources of the metals found in the sedi- 
ments. Metal concentrations in the biota particularly the plants along the shore 
and the marine plants would be very helpful in the overall metal level picture 
of the system. 

Because of the good record of heavy metal concentration provided 
by the sediments, they should be carefully monitored in this area, not only as 
an indicator of pollution but as a potential source of these metals to the food 
chain. Even low metal levels could be potentially dangerous through concen- 
tration and food chain magnification in this detritus based food web. At present 
the levels of heavy metals encountered seem to be largely natural with the ex- 
ception of a few isolated sites. This conclusion stems from a lack of anthro- 
pogenic sources and good comparison with other baseline natural levels re- 
ported in the literature. 


In conclusion it appears from this study that the only industrialized 
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complex affecting the study area, the Kennedy Space Center, has not had a great 
impact on the heavy metal levels in the surrounding environment. A baseline of 
heavy metal concentrations in the sediments has been determined and can be used 
in the future to monitor the inevitable development of the area. Hopefully through 


careful planning and monitoring a relatively unpolluted system can be maintained. 
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I, INTRODUCTION 


The Department of Oceanography and Ocean Engineering and the Depart- 
ment of Biology at the Florida Institute of Technology , Melbourne, Florida, have 
been involved in an ecological baseline study of the lagoons surrounding the John 
F. Kennedy Space Center (KSC) since April 1972. Much of the information gath- 
ered by the many investigators involved has been compiled in a series of reports 
entitled "A Study of Lagoonal and Estuarine Ecological Processes in the Area of 
Merritt Island Encompassing the Space Center''. These studies have focused on 
the assessment of the chemical, biological, physical, and geological parameters 
most likely to be affected by man's activities. The research described herein was 
designed for the purpose of measuring the concentrations of the major nutrients 
(Nitrogen, Phosphorus, Carbon, Sulfur) in the surface sediments at selected sites 
throughout the lagoons in order to compare natural areas with those under the in- 
fluence of man. The results of this study will supplement the large amount of data 
already collected concerning the écological conditions of this study area. 


While the focus of any ecological baseline survey must ultimately be the 
interaction of the biological community with the physical environment, it is not the 
resident organisms but their physiochemical environment which is the subject of 
this investigation. Chemical analysis alone, however, does not reveal as much 
about an ecosystem as does a study that encompasses the resident biota, because 
chemical measurements are instantaneous, while organisms represent longer 
lasting conditions (Thomas 1974). Thomas (1974) has given a description of the 
benthic biological communities found in this region, It is widely recognized that 
the nature of the substrate is the most important environmental parameter affecting 
distribution of the benthic fauna. The parameters that have been chosen for study 
are those that are thought to have the most significant bearing on the quality of life 
of the resident biota and thus on the ecosystem as a whole. These parameters 
closely follow guidelines for investigation established by the Environmental Pro- 
tection Agency as expressed in a number of their published reports. (See Chemistry 
Laboratory Manual, Bottom Sediments, 1969 ed. 

This research effort was divided into two main parts. This investigator was 
responsible for measuring ‘the concentrations in the sediment of ammonia and or- 
ganic nitrogen, total and dissolved phosphorus , sulfur (as sulfides), carbonates , 
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and organic carbon. The other investigator, Stuart Mendelsohn, of the Depart- 
ment of Environmental Engineering at F.I.T. was responsible for measuring the 
dissolved oxygen content, pH, salinity, and temperature of the watcr column just 
above the sediment surfacc, the chemical oxygen demand (COD) of the sediment, 
their water and volatile solids content, color and grain size. Both investigators 
sampled and analyzed their sediments simultaneously, with the intention of com- 
bining their results for the report to NASA. The results of Mendelsohn are included 
in the appendix of this thesis and are referred to in the text. For a complete de- 


scription of the techniques he employed and a discussion of his results , see Men- 
delsohn (1975). 


Il, THE SEDIMENTARY ENVIRONMENT 


An ecological system consists of populations of organisms, flows of water, 
invisible pathways of cycling chemical elements and various organizational mechan- 
isms which produce an integrated interrelationship of the parts (Odum and Copeland 
1974). Because these parameters never combine in exactly the same manner, each 
ecosystem is unique in its own way, yet there are often similarities in the major 
components that allow certain comparisons to be made. 


The sediments in a lagoonal ecosystem form one part of a highly complex 
biological and physio-chemical system that includes the land, sea, air, and resi- 
dent biota. The texture and composition of the bottom sediments in estuaries and 
lagoons are a function of the geology, bathymetry, hydrology, and biology of the 
area (Folger 1972). The physical and chemical characteristics of the surface sedi- 
ments (herein defined as the top 4 cm.) in some cases control, and in others are 
controlled by the resident biological community. The sediments that accumulate 
in lagoons of the type under study here consists primarily of terregenous detritus , 
biogenic debris , and various pollutants. A characteristic redox profile and a well 
defined redox discontinuity layer are nearly always present in sediments reflecting 
the zonation of chemical factors and microbial processes (Fenchel 1969). Surface 
sediments also provide a geochemical record of human activity in the recent past. 
Natural inputs to the sediments are provided by rivers, surface runoff, aerial fall- 
out, and other minor sources. Baseline studies such as this one are used to help 
differentiate natural from man-made conditions, and can help assess the impact of 
human activity on natural environments. 


The physio-chemical characteristics of the sediments and the biota found 
therein occur ina complex interrelationship with one another. The sorbtion and 
release of chemicals in the sediments is in a dynamic equilibrium, and their com- 
position and geochemistry vary through such processes as the diffusion of ions with- 
in the sediment, reactions in the pore water, humic binding forces, the ratio of 
organic to inorganic complexes, nutrient mobilization, reactions at the sediment 
water interface, mobility of sedimentary cations, water-sediment reactions , and 
others (Soule and Oguri 1974). Many of these processes are interrelated and exist 


in positive or negative teedback relationships with one another. For example, the 
diffusion of ions at the sediment-water interface is influenced by the redox potential 
(Eh), various ionic interactions , and the physical structure of the sediment. Metal- 
lic cations migrate within the sediment to oxidized or reduced layers according to 


_ the solubility, mobility, and electric charge of the respected ions (Soule and Oguri 
1974). 


Even if the sedimentary environment was completely lifeless, there would 
be a dynamic chemical interaction between the sediments, the water, the land, and 
the atmosphere. Solar energy and its many manifestations such as radiation, wind, 
and precipitation would produce a steady turnover and relocation of ions from sea 
to sediment to land to sea (or other similar pathways) throughout geologic time. 
With the superimposition of a living biotic community, however, ionic interactions 
are greatly accelerated, new equilibria are established, and the entire physio-chem- 
ical system takes on a new character. 


Bacteria are the chief micro-organisms that assist in chemical changes of a 
permanent order (Wood 1965). Microbes make use of chemical reactions which re- 
lease energy in order to perform their metabolic functions (Wood 1967). They cata- 
lyze reactions that normal!y would take place only at higher temperatures and/or 
pressures , and thereby accelerate the chemical interactions of the ecosystem. In 
many cases, they merely catalyze a reaction that would occur even in their absence, 
In others, they use the energy derived from such reactions to help drive other re- 
actions which are vital to their well being, and that would not occur without their 
presence (Wood 1972). Photosynthetic bacteria combine efforts with plants to pro- 
duce compounds whose absence would make life as we know it impussible. 


According to Wood (1965), bacteria play the most important biological role 
of any organism, large or small, in the aqueous environments. They build and 
destroy organic material, convert and translocate minerals, and alter such physio-~ 
chemical properties as Eh and pH. In the shallow lagoons that surround the Ken- 
nedy Space Center, the water mass and the sediments are quite close spatially. 
Some authors believe that the microbes of the sediment, particularly those con- 
cerned with the sulfur cycle and photosynthesis, actually control the marine en- 
vironment (Wood 1965). 


A comprehensive understanding of the chemistry of the sedimentary sub- 
strate not only contributes to knowledge of sediment geochemistry and diagenesis , 
but also helps to define the conditions that are imposed on those organisms living 
on or near the bottom (Nelson 1972), A major determinant of sedimentary chem~- 
‘istry is the nature and condition of the overlying water. An understanding of the 
chemical composition of the sediments therefore becomes very useful in assessing 
present as well as past ecological conditions. The biogeochemical character of 
bottom sediments is a good integrator of such influences as sedimentation rates of 
allochthonous and autochthonous organic particles, sediment redistribytion by cur- 
rents , and the introduction of man-made contaminants (Nelson 1972). Thus, sedi- 
ment profiles and their chemical properties are indicators of the dynamic equili- 
brium existing between the water, the sediment, and the organisms of the area. 


Although this investigator measured nutrient concentrations only, it is 
nonetheless useful to briefly review the significance of some of the physio-chemi- 
cal parameters which were measured by Mendelsohn. The two of greatest signi- 
ficance to this study are those of Eh and pH. 


The reduction-oxidation potential, or Eh, is a measure of the electrochemi- 
cal environment, and is used to measure the oxidizing or reducing capability of the 
immediate environment, a factor of such critical iraportance that it is often neces- 

we “gary to specify the Eh when discussing many of the reactions occuring in the sedi- 
: ment (Blatt, et. al. 1972). The redox potential depends on the ratio of oxidized to 
reduced forms in the system and not on their absolute concentration (Whitfield 
1969). It is the contention of Blatt that the control of the Eh in the sediments is 
based on the supply of gaseous oxygen in relation to the amount of organic matter 
to be decomposed (oxidized). Brock (1966) notes that gaseous oxygen will generally 
be absent from any sediment, as it is quickly depleted by organismic respiration 
and auto-oxidation of various chemical species. Fenchel (1969) is also of the 
opinion that anaerobic decomposition of organic matter is always the primary cause 
of reducing conditions, while others, notably Wood (1967), stress the importance 
of the bacteria involved in the cycling of sulfur as the major controllers of the Eh 
level, and thus of the chemistry and biology of the sediments. Thomas (1974) re- 
ported a significant correlation between species richness and redox potential in the 
sediments of the northern Indian River. 


Most sediments exhibit a redox profile with an oxidized (positive) layer at 
the surface, a discontinuity (change from positive to negative) slightly below the 
surface, and negative conditions prevailing from there on down. Even in highly 
aerated waters, the aerobic (positive) zone may extend only a few millimeters into 
the sediment because of the greatly reduced convection currents in the sediments 
(Brock 1966, Fenchel 1969). The oxidized layer at the surface has been shown to 
act as an effective barrier to the migration of ions from the reduced conditions be- 
low. If stagnation and oxygen depletion of the overlying water are sufficient to 
change the Eh of this layer from positive to negative, extensive amounts of nutri- 
ents may be liberated into the water (Brock 1966). ° 


The Eh of a sediment is a difficult parameter to measure accurately. 
Whitfield (1969) notes seven different difficulties associated with Eh equipment 
and sampling techniques , with the result that accuracy is rarely within : 10 mv 
and is more commonly within i 50 mv. Even this large variation, however, is 
small enough for the basic redox characteristics of a sediment to be understood, 
and Whitfield further remarks that Eh appears to be well suited to act as a chemi- 
cal parameter used to describe the environment, especially when used to describe 
. the relative degrees of stagnation which are found to occur. When Eh measure- 
ments are used in this way, they provide a simple, rapid means of characterizing 
and mapping estuarine sediments (Whitfield 1969). 


The pH of bottom sediments reflects such environmental variables as salin- 
ity, carbon dioxide concentration of the pore waters, dissociated organic acids and 
bases, dissociated organic decomposition products (such as ammonia) and disso- 
ciated clay minerals (Nelson 1972). Variations in any of these parameters. can 
cause variations in the sedimentary pH, and gradients are often found in estuaries 
which reflect salinity gradients (Nelson 1972). The pH may control, or be control- 
led by the micro-organisms in the environment, and pH is widely known to reflect 
the level of photosynthetic activity. In the sediments, the reduction of sulfates to 
sulfides tends to hold the pH around 7 (Wood 1967). 


A. Sediment-faunal Relationships 


"A common concept in benthic animal-sediment relationships is that the 
feeding type of the infauna is in some way correlated to the sediment (Bloom, et. 
al. 1972). Sanders (1958) has shown a direct relationship between sediment char- 
acteristics and trophic distribution. The influence of water circulation on sedi- 
mentation and trophic distribution was shown by McNulty, et. al. (1962) and it 
is probable that the redistribution of the sediments in the shallow lagoons surround- 
ing the Kennedy Space Center are greatly dependent on local currents, which are 
primarily wind driven (Thomas 1974, Dill 1974). Benthic species are known to 
prefer a particular type of substrate, and those that show low preferences are 
usually found to be low in the order of succession (Johnson 1971). 


There are basically four ways in which benthic animals gather food; they 
filter suspended particles from the water, they collect food particles which settle 
on the surface of the sediment, they obtain nutriment from the organic material 
which has become incorporated in the deposit, or they prey upon other animals. 
Many, of course, take nourishment from several sources (Tait and DeSanto 1972). 
The food of the benthos is concentrated at or near the sediment-water interface, 
and any disturbance that affects this interface will, therefore, affect the food re- 
sources of the whole community (Johnson 1974). Dissolved organic complexes are 
adsorbed and concentrated on the surfaces of particles in the sediment. Here they 
exist in concentrations sufficient to nourish colonies of bacteria, which nourish 


the protozoa (especially ciliates), which then nourish the metazoa, 


To a considerable extent, the chemical elements of an ecosystem tend to 
remain within it, so that the substances from the environment which are converted 
to protoplasm by the primary producers are eventually returned to the environment 
after passing through the various trophic levels (Brock 1966). While energy travels 
through an ecosystem, elements cycle within the system. Any energy that is temp- 
orarily stored ties up a certain proportion of the chemical substances from which 
protoplasm is constructed, principally carbon, nitrogen, phosphorus, and sulfur. 
If an ecosystem has an efficient food chain, with organic substances passing quickly 
from one link to another, and if there is no appreciable export of nutrients, then 


this system may have a rapid turnover of material and a high rate of production, 
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even though the surrounding environment may be poor in nutrients (Brock 1966). 
This is often the type of condition that exists in shallow, tropical lagoons. 


Much of the organic matter that exists in aqueous environments exists in 
soluble form and in non-living particles, the latter probably being formed spontan- 
eously from organic matter which has been excreted by phytoplankton or derived 
from dead organisms by fermentation. This organic matter forms a matrix which 
alters the physical, chemical, and geological properties of the sediments (Johnson 
1974). It also constitutes part of the detritus; that combination of animal, vege- 


., table, and mineral that provides food for many benthic organisms. Thomas (1974) 


and others have shown that the primary food chain in the lagoons studied here is a 
detritus type pathway, with suspension feeders and filter feeders comprising a 
large portion of the benthic fauna. The detritus originates primarily from the bro- 
ken and dead blades of the area's abundant grasses, but terrigenous runoff also 
supplies a large portion. Unfortunately, "detritus" is a vague term, and in facta 
large portion of the energy obtained from detrital food sources may actually come 
from the numerous bacteria adhering to the particles (Brock 1966). The most 
active microbial populations are those associated with sea grasses (Wood 1967). 


In the anaerobic areas of an aqueous ecosystem, such as in the sediments, 
bacteria are practically the exclusive forms found. In reducing environments, 
bacterial production of reduced compounds of low molecular weight (HAS, NH, ; 

CH 4? Hy) can and does occur. These compounds diffuse upwards where they may 
be oxidized in the presence of oxygen by chemoautotrophic bacteria or abiologically , 
or under anaerobic conditions , by the activity of photoreducing organisms (Fenchel 
1969). This helps to produce a vertical zonation in the sediments, and the distri- 
bution of organisms on the vertical gradient will depend on their oxygen require- 
ments, their tolerance to reduced compounds such as H,S and NH, (both toxic) and 
their specialized ability to feed on the organisms there (Fenchel 1969). 


Biogeochemical cycles such as those that involve carbon, nitrogen, phos- 
phorus, and sulfur are concerned with the circulation of an element from the inor- 
ganic form into protoplasmic combinations and then back into the abiotic portion of 
the habitat. Microbes are the principle biological agents producing this cycling 
(Alexander 1971). Elements that participate in biogeochemical cycles exist in or- 
ganic and inorganic pools, the sizes of which range from vast to minute. Figure 1 


summarizes the pathways involved in the cycling of organic matter in the benthos 
(after Johnson 1974). The biogeochemical cycles of carbon, nitrogen, phosphorus, 
and sulfur are presented in Figures 2 and 3. For a good description of these 
cycles, see Odum (1971) or Alexander (1971). 


While it is beyond the scope of this paper to give the details of the biogeo- 
chemical cycles, it is useful to review the processes involved in nutrient cycling. 
These cycles are run by microbial activities that can be divided into several broad 
categories. These groupings are not mutually exclusive, and a single type of 
chemical conversion may be accurately described by more than one of the following 
categories (Alexander 1971). 


Mineralization - the conversion of an organic form of an element to 
the inorganic state, resulting in a decrease in biochemical complix- 


ity of the ecosystem; also known as nutrient regeneration. 


Immobilization - the conversion of an inorganic nutrient element into 
an organic complex, resulting from assimilation and incorporation 
into protoplasm. Mineralization and immobilization are the two main 


opposing forces in the biogeochemical cycles. 


Oxidation - linked to the organism's metabolism; the oxidation of 
organic compounds by heterotrophs provides the energy needed for 
growth. 


Reduction - reductions may occur through normal metabolic pathways, 
with reduced elements acting as electron receptors, or they may occur 
due to modifications in the environment produced by microbial activi- 
ties such as the consumption of oxygen and the lowering of the Eh as- 
sociated with the accumulation of reduced products, or the formation 
of acids. 


Fixation - the conversion of a gaseous form of an element into a non- 
gaseous compound. 


Volitilization - the opposite of fixation, in which gaseous compounds 
are formed from non gaseous substances. 


Solubilization - microbes produce organic chelating or complexing 


Figure 1. The cycling of organic matter in the benthos. ao 


(After Johnson 1974.) 
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agents that solubilize relatively insoluble inorganic substances 
or maintain various compounds in soluble form. 


Precipitation - microbes may serve as foci for adsorbtion of 
inorganic substances. The accumulation may be either active 
or passive on the part of the organism. 


Another process of biogeochemical interest is that of isotope fractioni~ 
zation, in which certain isotopes of an element are selected in preference to other 
available isotopes by certain discriminating organisms. This means that the micro- 
bial product containing the element will have a different isotope ratio than the sur- 
rounding environment, and makes it possible to trace the origin of certain deposits. 
These processes and the major elements affected by them are summarized in 
Table 1, taken from Alexander (1971). Through these various activities , micro- 
organisms often break bottlenecks which exist in food. chains and biogeochemical 
cycles of macroecosystems (Brock 1966). Carbonaceous compounds are probably 
acted on first, followed by those of nitrogen and then those of phosphorus (Nelson 
1972). This means that of these three elements, compounds of phosphorus can be 
expected to be mobilized last. 


The importance of the major nutrients (carbon, nitrogen, phosphorus, and 
sulfur) in the ecosystem can be seen by the fact that the complete absence of any 
one of them would make life impossible. The most important factors limiting pro- 
duction are the inorganic nutrients , particularly nitrogen and phosphorus (Brock 
1966). If the cycling of any nutrient is disturbed at any point, drastic changes in 
the biological and physio-chemical structure of the environment will result. Sedi- 
ments are known to contain the major fractions of contaminants as well as nutrients 
in the aquatic environments. While sediments do serve as nutrient sinks, it is 
the fact that there is a dynamic interchange between the sediments and the aqueous 
environment that makes the assessment of nutrient concentrations valuable (Soule 
and Oguri 1974). 


Mineralization 
Immobilization 
Oxidation 
Reduction 
Solubilization 
Precipitation 
Fixation 


Volatilization 
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TABLE 1 


Transformation Processes and the Elements 
Metabolized by Microorganisms (Alexander 1971) 


C,N, P, S, K, Si, Fe, etc. 

C,N, P, 8, K, Si, Fe, ete. 

C,N, P, S, H, Fe, Mn, As, Se 

C,N, P, S, Fe, Mn, Cl 

P, S, Fe, K, Ca, Si, Mn, Mg, Al, Cu, Zn, Co 
Se, Fe, Ca, Mg, Mn 

C,N, H,O 


C,N,S, H, O, Se 


B. Carbon 


Carbon is the building block of all organic molecules, and the carbon com- 
pounds found in the sediments are extremely varied. The relationship of the oxi- 
dation and anaerobic decomposition of carbon to the Eh has already been mentioned. 
Organic detritus and light are the two sources of energy important to the sedimen- 
tary ecosystem. On the average, the organic content of the sediments is but a 
small part of the total composition, and yet it may be one of its most important 
physical, chemical, and biological properties (Johnson 1974). Organic molecules 
may be the crucial factors controlling the fate of trace contaminants in the sedi- 
ments (Soule and Oguri 1974). The organic carbon content of the sediment may be 
used as a measure of the amount of food available to deposit feeders. Using a linear 
regression analysis , Thomas (1974) found a significant correlation between the num- 
ber of deposit feeders and the organic carbon content at sites in the northern Indian 
River. 


Carbon can enter the benthic ecosystem from several sources. Rainfall 
brings carbon as bicarbonate, compounds can leach from rocks and surrounding 
soils, and CO, diffuses into the water from the air. Terrestrial runoff and leaf 
litter from shoreline emergent vegetation (e.g. , Rhizophora mangle - red mangrove) 
are the major contributors of organic carbon to the lagoons under study, while a 
smaller amount is supplied by domestic sewage plants. Organic substances in the 
sediments include aminoacids , carbohydrates, polysaccharides, lipids, browning 
reaction products, hydrocarbons, pesticides, and many others (Soule and Oguri 
1974). Synthetic pollutants and spilled oil are also present. 


Total organic carbon was measured and reported in this study. Unfortunate- 
ly, the conventional methods of reporting carbon as a per cent of dry weight is mis- 
leading. As compared to the weight of the inorganic particles, the organic material 
seems to be an insignificant component. Johnson (1974) suggests that most of the 
organic particles encountered by benthic organisms are potential food particles of 
a diverse nature. These particles taken together provide an enormous surface 
area for micro-organisms. It seems probable, also, that these particles have 
different sedimentological properties (Johnson 1974). The mineral particles in 


the sediment are embedded in a loosely woven but continuous organic matrix. 
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Conventional methods ofgrain size analysis destroy this matrix and thereby create 
artifactual conditions (Johnson 1974). Thus, while bulk analysis may reveal only 
a small percentage of organic matter, that may be one of its most important geo~ 
logical as well as biological properties. 


C. Phosphorus 


The mobilization of phosphorus and nitrogen is of great interest in aquatic 
systems due to its relationship to eutrophication. While phosphorus is often re-~ 
ported to be the major limiting nutrient in aqueous environments, it does not 
appear to be limiting in the Kennedy Space Center area, possibly due to the input 
of phosphates from the sewage outfalls (Brock 1966). It is more likely, however, 
that the major input of phosphates to this lagoonal ecosystem is provided from 
terrestrial runoff. Sramek (1974) has shown a significant increase in the level of 
phosphates in Banana Creek following periods of rainfall. Of all the elements 
present in living organisms , phosphorus is likely to be the most important eco- 
logically, because the ratio of phosphorus to the other elements in organisms tends 
to be considerably greater than the ratio of these elements in the natural environ- 
ment. Phosphorus deficiency is therefore more likely to be limiting to productivi- 
ty than is the deficiency of any other material except water (Hutchinson 1957). 


Phosphorus occurs naturally in only two forms, either as the fully oxidized 
phosphate (PO 4» or as part of organic phosphate esters (Brock 1966). Pyrophos- 
phate hydrolyzes readily to orthophosphate, and other reduced forms probably 
auto-oxidize, if they exist at all in nature. Phosphate exists as soluble inorganic 
phosphate, insoluble ferric and calcium phosphates, soluble and colloidal organic 
phosphate, and particulate organic phosphate (Brock 1966, Standard Methods, 138th 
ed.). 


Ferric phosphate is very insoluble, and some phosphate may be kept out 
of solution this way. If H,S is present, phosphate may be released anareobically 
by the formation of ferrous sulfide (FeS). Organic molecules often have reactive 
functional group sites that can capture PO 4 anions, In the sediments, a change in 


\ 
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redox conditions can free these bound phosphates from their organic and metallic’ 
cations , and in some instances, the release can be quantitative to the point where 
the pH drops to 5.8, buffered hy acid phosphate (Wood 1967). 


Plants contain organic phosphorus associated with phytins , phospholipids , 
nucleoproteins , and nucleic acids. Phosphate also acts as an inorganic buffer in 
cells and is found in food vacuoles. Phosphorus in certain organic compounds 
mobilizes more rapidly under alkaline conditions than acid. A lowering of the ratio 
of carbon to phosphorus in the environment favors the release of phosphate (Nelson 
1972). Silicates, iron, and aluminum are all known to immobilize phosphate, 
especially under acid conditions , so it can be seen that the phosphorus budget is 
not determined exclusively by the organic decompositional processes. Near the 
sediment surface, where organic detritus is abundant, microbial demand for phos- 
phate assimilates most of that made available by decomposition. At greater depths, 
after the evolution of COs lowers the C:P ratio, excess phosphorus over demand | 
appears in the pore water. Nelson (1972) reported highest phosphate concentrations 
at 25 cm. below the sedimentary surface in cores taken from the Rappahannock 
River Estuary. Microbes probably selectively decompose first carbonaceous and 
then nitrogenous components of the sediments in preference to phosphatic com- 
pounds with the result that the critical C:P ratio that mobilizes PO 4 is achieved 
more slowly than the critical C:N ratio that mobilizes ammonia (Nelson 1966). 


D. Nitrogen 
Nitrogen complements phosphorus as the major nutrient most likely to be 
limiting in aqueous environments, and past research has shown that the ares around 


the Kennedy Space Center is limited by nitrogen (J.A. Lasater, personal comnuni- 


cation). An established method of measuring the fertility of water has been the he 


measurement of nitrate therein, on the assumption that this was the main source 
of nitrogen used by the phytoplankton. It is now known that many organisms (mi- 
crobes) use ammonia or organic nitrogen sources directly, and that a number of 
them can fix nitrogen (Wood 1967). Nitrate content of the water may therefore in- 
dicate the presence or absence of organisms that use oxidized nitrogen sources, 
rather than fertility. 
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Nitrogen is found in the environment as a free gas (No) » aS nitrate (NO,) ; 
nitrite (NO, ) » ammonia (NH,) and as organically bound nitrogen. Nitrate and 
ammonia enter the aqueous ecosystem through rainfall, and terrestrial runoff 
also provides nitrogenous compounds. The nitrogen transformations of most 
interest in aquatic environments are those of nitrogen fixation and denitrification, 
processes which oppose one another. Protein decomposition releases ammonia 
by deamination, and the remaining protein residue is attacked further which pro- 
duces CO, . Under anaerobic conditions ,the end products of this process include 
NH, ‘ co, , and organic compounds such as amines and organic acids. The ni- 
trogen budget must be interpreted in terms of the ammonia mobilized (Nelson 
1972). Ammonia accumulation represents excess substrate nitrogen over the 
amount required by microbial demand. Since the microbes are known to prefer to 
mineralize the carbohydrate fraction before the protein fraction, CO, is evolved 
and volatilized while microbial demand utilizes the available nitrogen until the 
C:N ratio drops to a favorable level. Once the critical ratio is attained, excess 
nitrogen becomes available as ammonia (Nelson 1972). 


E. Sulfur 


While sulfur only rarely acts as an element limiting productivity or bio- 
logical development under natural conditions , the toxicity of some sulfur com- 
pounds (especially H,§ and H, SO 4) are of ecological significance. Sulfur has a 
large number of oxidation states , and is important geochemically as well as bio- 
logically. But the most important relationship concerning sulfur and the environ- 
ment is that established by the cycling of sulfur through the sediments, a process 
of such great significance that some believe that the sulfur cycle is the singly 
most important phenomenon taking place in the sedimentary environment (Wood 
1965, Fenchel 1969). 


The concentration of sulfate (SO 4) is fairly high in sea water, and sulfate is 
second only to bicarbonate as the most common ion in rain water. Primary pro- 
ducers can use sulfate as a sulfur source, reducing it to the -II oxidation level 


(Brock 1966). Many decomposing bacteria are able to liberate H,S from sulfur 
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containing amino acids, and this is a major source of H,S in aerobic environ- 


ments. 


Four types of reaction sequences are prominent in the sulfur cycle: 
mineralization of organic sulfur containing compounds, assimilation of inorganic 
sulfur compounds and their incorporation into protoplasm, oxidation of the sulfur 
in amino acids and inorganic compounds , and of most significance here, the re- 
duction of elemental sulfur and sulfate to sulfide (Alexander 1971). 


The sulfur oxidizing bacteria such as Thiobacillus and the purple and green 
sulfur bacteria are found at or near the sediment surface. Below these lie the 
sulfur reducing bacteria, most notably the Desulfovibrio, a genus of anaerobic 
bacteria using sulfate as their terminal electron acceptor and thereby producing 
large quantities of H,S.: There is sufficient sulfate in sea water to allow for a 
substantial reduction, provided that there is sufficient saprotrophic digestion of 
organic matter to reduce the redox potential of the sea water system (pH of about 
8.3) about +100 mv (Wood 1967). At this point the reduction of sulfate and/or ex- 
tensive anaerobic digestion can further reduce the environment to about -300 mv. 
This low potential is limiting to some organisms and favorable to others. Where 
the reduction of sulfates is high, the phosphate content of the sediment will be low 
due to the release of phosphoric acid through the action of H,S and the consequent 
precipitation of the iron cations (as sulfides) that formerly bound the phosphate. 
The redox potential, primarily under the control of the sulfur cycle, also affects 
the carbon cycle since the adsorbtion of organic material on inorganic particles is 
affected by redox conditions (Wood 1967). Thus the biogeochemistry of the sulfur 
cycle is unique because, in addition to the transformations expected of ‘any ele- 
ment that enters into cell structure, the conversions undergone in the cxeling of 
sulfur affect the behavior and reactions of the other elements. 


It should be apparent from the foregoing discussion that the chemistry a 
the sediments cannot be totally understood without examining the mic noniblogi@al’ 7 
communities as well. For details on the specific microbiology of the Kennedy | 
Space Center lagoons, refer to the work of Beazley (1973), Noble (in press), 
Blevins (1974) and Beazley, Nevin, and Lasater (1974). 
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Ill. DESCRIPTION OF THE STUDY AREA 


The Kennedy Space Center, located in Florida's central East Coast (Figure 
4) is surrounded by three separate lagoons (Figure 5). Brown (1962) classifies 
this area of Brevard County as humid subtropical with normal monthly tempera- 
tures of about 17°C in January and 28°C in August, with the average at about 
22.5°C. Annual rainfall in this area averages to about 50 inches (127 cm), with 
most of the precipitation resulting from thundershower activity commonly occuring 
from May through October. The water in these lagoons is polyhaline , having an 
average salinity of 27.8 % (standard deviation = 3.78). The sediments are primar- 
ily fine sands with varying amounts of shell debris and little or no silts or clays. 
"Cultural" inputs to the water and the sediments are supplied from sewage treat- 
ment plants , industrial wastes , boating, and other recreational activity. The most 
prominent man-made perturbation of the sedimentary environment has been the 
dredging of a 100 foot (30 m) wide, 12 foot (3.6 m) deep navigational channel which 
is part of the Intracoastal Waterway. 


To the west of KSC complex lies the northern portion of the Indian River, 
which is bounded on the east by Merritt Island and on the west by the Florida main- 
land. The southernmost boundary of the Indian River study area is the NASA 
causeway, which runs east to west at approximately 28°32'N. latitude, and the 
northern end of the Indian River ends at approximately 28°49! N. latitude, at the 
lower end of the Turnbull Creek. The second lagoon, now known as the Indian 
River Lagoon (formerly and aptly known as Mosquito Lagoon) is bounded on the 
east by the beach barrier islands and on the west by Merritt Island. It extends 
approximately from southeast to northwest from 28° 40' to 29° 05' N. latitude, 
where there is a connection to the sea at Ponce de Leon Inlet. The Indian River 
and the Indian River (Mosquito) Lagoon are connected via Haulover Canal at 28° 05' 
(part of the Intracoastal Waterway) and the area of the Indian River Lagoon inves- 
tigated here roughly brackets. this canal, extending from 28°45! to 28°41'. The 
third lagoon under study is that of the northern portion of the Banana River, which 
connects with the ocean through the Canaveral locks. This lagoon is bounded on 
the east by the Cape Canaveral peninsula, and on the west by Merritt Island. The 
portion of the Banana River sampled in this study lies just south of the Nasa Park- 
way East Causeway, at approximately 28°29' N. latitude. Currents in the lagoons 
are determined primarily by wind direction and velocity (Dill 1974). 
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In the initial stages of the research effort conducted for NASA by F.LT., 
» sampling site network was established using the National Fish and Wildlife 


service chart no. 4R~FLA-632-406. The network was established by drawing a 
grid of lines at intervals of one minute of latitude and longitude, which provided 
each sample site with a unique geographical address that could be simply stated 
and easily re-created (M.R. Carey 1973). For convenience, the three lagoons 
were divided into four sampling areas; the Indian River was divided into two 
areas by the Titusville causeway, with the water to the south designated as Area 
1, and the water to the north as Area 2. The Indian River Lagoon is known as 
Area 3, and the Banana River as Area 4. All sites carry a prefix numeral de- 
signating the area in which the site is located, and a suffix numeral designating 
the specific site, with the smaller numbers in the southern end of the area. For 
example, site 1-2 is located in the southern end of Area 1. 


Twenty-six sites representing a variety of conditions were employed in 
this study of the sedimentary chemistry, and twenty-two of these corresponded 
with previously established sampling locations. This made it possible to corre- 
late the new data with many months of observations of the water chemistry, and 
in some instances, the biology and geology of the area. In addition to these, four 
special sites were established, each located within ten meters of past or present- 
ly operating sewage treatment plant outfalls. These special sites are designated 
by a letter S following the numbers of the nearest previously established site, 
e.g. site 2-18. is at the point of effluent emission of the Titusville North sewage 
treatment plant which lies adjacent to site 2-1. 


The sites selected for study fall into four major catagories. Sites 1-11, 
1-15, 1-23, 1-26, 2-1, 2-2, 4-12, and 4-16 were chosen because of their proxi- 
mity to the discharge pipes of the four treatment plants in the area. Sites 2-17, 
2-9, 2-24, 3-12, and 1-6 (in addition to some of the sites previously mentioned) 
were selected for their close proximity to the Intracoastal Waterway. Sites 1-2, 
1-8, 1-19, 2-30, 3-3, 3-7, 3-9, and 4-18 were selected because they are in 
rather remote areas and might give a picture of what "natural" conditions are 
like. Finally, certain sites, (including some mentioned) were selected for indi- 
Vidually specific reasons. Sites 1-20 and 1-19 were chosen because this area had 
been previously shown to be one of high biological activity. Site 1-26, downstream 
in Banana Creek from the discharge site of a now inactive treatment plant, was 
selected because of a high bacteria count that had been observed there during the 
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summer of 1972. Sites 1-23, 2-2, 2-24, and 4-16 are all in an area of reduced 
water circulation due to the construction of causeways. Although this non-random 
method of choosing sample sites will not give the "average picture" of the area 
the way a random sampling procedure would, it will provide specific information 
about certain aspects of man's impact on the lagoonal sediments, and this is the 
primary research objective. 


Samples were taken during the first five months of 1975, and each site was 
sampled only once. This implies that the results obtained may not be representa- 
tive of the year-round physiochemical structure of the sediments; however, since 
the characteristics of sediments are longer lived than those of the water column, 
it is felt that the results are useful in assessing "baseline" conditions. 


Iv. SAMPLING TECHNIQUE > 


With the exception of three shallow water sites, all cores were taken 
from the side of a sixteen foot aluminum boat. Sample site location was deter- . . 
mined by the use of a hand held compass using fixed points on the shoreline to 
help determine reference bearings. On arriving at a station, three anchors 
were deployed in a triangular pattern so as to minimize wind driftage. This 
was important, as a total of four cores were taken at most sites and it was de- 
sirable to have them in as close proximity as possible. The nature of the bottom 
in these lagoons , especially at depths of less than one meter, is often very patchy 
(visual observation) with areas of clean sand lying between areas of marine gras- | 
ses (chiefly Diplanthera and Cymodoceum). Hence a small amount of drifting 
could place the boat over a somewhat different sedimentary substrate, 


After securing the anchors , a water sample was taken close to the sedi~ 
ment surface for later testing of pH and salinity. The temperature and dissolved 
oxygen content of the water just above the surface were measured with a YSI 
Model 45 Dissolved Oxygen meter and recorded. Three cores were then taken 
for Mendelsohn's analysis using 2’ PVC pipes approximately 30 cm. long and a 
T-type coring handle which has been employed by F.1I.T. in previous sediment 
surveys. These were capped and taped for transport back to the laboratory. 
Finally, sediments for nutrient analysis were collected in a 30 cm., 2" diameter 
PVC pipe that had been cut in half lengthwise. The two halves were held together 
for coring by the core handle above and a hose clamp below. This arrangement 
was designed for the purpose of taking samples in the field directly from the cor- 
er and placing them in jars containing the appropriate preservative. Once the 
core was on board the boat, the hose clamp was removed and the corer extracted 
from the handle. Whatever water was collected in the corer above the sediment 
was allowed to slowly drain out the two slits along the side of the core tube, al- 
lowing suspended matter to settle onto the sediment's surface. The alternative 
method, that of pouring off the top portion of the water, was felt by this investi- 
gator to be unsuitable for surface sediment analysis, as it was impossible to avoid 
pouring off some of the sediment with the water. After the water was drained, a 
knife was inserted through the slits in the PVC pipe and pulled down through the 
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sediment, dividing it neatly into two halves. These were separated, and the Eh 
of the scdiment was measured immediately using an Orion Model 404 Research 
Ionanalyzer. Finally, the top four cm. of sediment was removed and evenly 
divided into four separate containers, one each for carbon, phosphorus, nitro- 
gen, and sulfide analysis. These were then placed in an ice chest until they 
could be frozen in the laboratory's freezer. 


Four sites were sampled during each of six sampling trips. On one oc- 
casion (sites 2-2 and 2~-1S), rough water and a balky motor made it necessary to 
limit sampling to only two sites. 


to 
=~ 


V. LABORATORY PROCEDURES 


The optimal method for analyzing nutrient concentrations in the sedi- 
ments is to run all analyses immediately after sampling. Time and manpower 
considerations made this procedure impossible, so it was necessary to add pre- 
servatives to the samples to be analyzed for nitrogen, phosphorus, and sulfides 
(see Table 2). All preservatives were added to the sample containers in the lab- 
oratory prior to collection, and in the case of nitrogen and phosphorus, the sam- 
ple containers were weighed before and after sample collection. This was made 
necessary by the fact that wet samples were used in the phosphorus and nitrogen 
tests, and certain corrections had to be made which required accurate knowledge 
of exactly how much sediment had been collected. (For a detailed description of 
the corrections and calculations used in this procedure, see Appendix A.) The 
samples were placed in an ice chest immediately after collection in order to 
slow biological activity as much as possible, and then placed in a freezer in the 
laboratory. They remained in the freezer at -1 to -5°C until immediately prior 
to testing. Phosphate and nitrate tests were run immediately after thawing, 
while carbon and sulfide tests were conducted on sediments oven dried at 105° Cc. 


Table 2 gives a summary of the nutrient species analyzed, the preserva- 


tives used, and the laboratory technique employed for analysis. 


A. Nitrogen Analysis 


The nitrogen compounds studied in this report are those of ammonia and 
organic nitrogen. Nitrate nitrogen, originally proposed for study, was not found 
in the sediments tested in measurable quantities. This finding has been corro- 


borated elsewhere (K.B. Clark, personal communication). 


Nitrate begins to become unstable at a redox potential of about +220 mv 
(Willrich and Smith 1970), so it is not surprising to find no measurable quantities 
of nitrate in the sediments collected in this study, as field measurements showed 


all Eh values to be negative. 


TABLE 2 
Summary of Nutrient Species Analyzed, 
Preservatives Used, and Laboratory Analysis Employed 


Nutrient Species Preservative Used Lab Procedure Used 


NH Dilute H,SO 4 Semi-micro Kjeldahl Hengar Co. 
(.8 ml conc. H Procedure adapted from Standard Methods 


280, / liter) 


Dilute Hp SO 4 


(.8 ml conc. H,SO, / liter) 


Semi-micro Kjeldahl Hengar Co. 
Procedure adapted from Standard Methods 


Stannous Chloride determination 


(Standard Methods) 


Sulfuric acid - Nitric acid digestion followed 
by Stannous Chloride determination 


P dissolved HgCl Solution 


(40 mg HgCl/ liter) 


P total 


Sulfides 


2 N Zn Acetate solution Titrimetric (Iodine) Method (Standard Methods) 


as modified by Soule and Oguri (1974) 


Acid attack, modified from Gross (1967) as 
outlined by Dagget (1973) 


co None 


3 


Chromic acid oxidation technique , Holme and 
Mcintyre (1971) 


Organic Carbon None 


to 
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The method employed for nitrogen analysis was a micro-Kjeldahl tech- 
nique developed by the Hengar Company as a modification of standard Kjeldahl 
procedures. This method was chosen because it offered the convenience of re- 
quiring less time and fewer materials than the standard Kjeldahl procedure 
(Henwood and Garey, no date). 


The procedure as outlined in the Hengar Co. instructions required a few 
modifications for sediment work. As it was desired to determine ammonia ni- 
trogen as well as total organic nitrogen (the Hengar procedure is designed only 
for the latter) a preliminary ammonia distillation was designed followitig guide- 
lines established in Standard Methods. Briefly stated, approximately two grams 
of accurately weighed wet sediment were added to a 100 ml. Hengar flask, fol- 
lowed by approximately 25 ml. water, two ml. of phosphate buffer solution, and 
two or three boiling chips. In preliminary laboratory tests, frothing of the sedi- 
ment-water mixture became a serious problem, to the point where bubbles were 
traveling all the way from the reaction flask to the ammonia collecting flask, 
nullifying the results. This problem was solved by adding a small amount (ap- 
proximately one g.) of pure parafin to the reaction flask. 


After ammonia distillation was completed (distillation was allowed to 
run for one half hour, or until the upper part of the condenser leading into the 
collecting flask became hot ~ which even took longer), the digestion and final dis- 
tillation procedure were performed, following established Hengar procedures 


with the following modifications. 


The Hengar method calls for digestion with 2.5 mls. of concentrated sul- 
phuric acid, a process that converts organic nitrogen to ammonia for collection 
in a final distillation. Due to the low quantities of organic nitrogen present in the 
sediments under study, this was reduced to two mls. A small amount of parafin 
was added again prior to the final distillation. 


After the sediment has been digested and the organic nitrogen converted 
to ammonia, the solution is neutralized with sodium hydroxide (NaOH) and then 
distilled. In the Hengar method, this neutralization is to be brought about with 
the addition of three g. of NaOH. Preliminary laboratory investigations revealed, 
however, that this procedure was unsatisfactory. Not oniy did the addition of 
solid NaOH cause a violent reaction in the flask, but also it was found that three g. 
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were not sufficient to raise the pH to above seven, which was a necessary prere- 
quisite if any ammonia was to be distilled. To overcome this difficulty, a solu- 
tion of 9 N NaOH was made for purposes of neutralization. Since two mls. 

of concentrated sulphuric acid (36 N) were used in the digestion, approximately 
eight mls. of 9 N NaOH were used in neutralization. To assure that a pH change 
to basic conditions had occured, an indicator (phenolphthaline) was added to the 
solution. After successful pH adjustment was achieved, the procedure was run 
normally. 


In both ammonia and organic nitrogen determinations , ammonia is dis- 
tilled through along inverted U-shaped glass condenser (total length approximately 
61 cm.) and collected ina 125 ml. flask containing 10.0 mls. of .02 N sulphuric 
acid. The amount of ammonia collected is determined by titrating the dilute acid 
to neutrality (methyl red as indicator) with .02 N NaOH. The one problem that 
persisted throughout the nitrogen determinations was that of bumping - the spon- 
taneous "burst of boiling" that occurs when sediments and water are heated from 
below. The difficulty associated with this phenomenon lies in the fact that a bump 
of sufficient force could cause some of the collecting acid to be splashed out of 
the collecting flask, voiding the results. A number of early determinations had 
to be restarted because of this difficulty. The use of a 125 ml. erlenmeyer flask 
instead of the recommended beaker as the collecting vessel made this problem 
less extreme as the condenser was only slightly smaller than the opening at the 
top of the flask and acted as a stopper - so most of the Splashing that occured 
as a result of bumping was contained in the flask. The heavy handed use of boil- 
ing chips was only slightly successful in reducing bumping. 


All of the modifications to standard procedures listed above were shown 
to have no biasing effect on final results by the extensive use of "blank'' deter- 
minations during testing. It is the retrospective opinion of this investigator, how- 
ever, that the micro Kjeldahl technique employed here is of only marginal use in 
sediment analysis. The problem of bumping was never satisfactorily overcome, 
and many of the final results were erratic when bumping was severe. Lowering 
the boiling temperature had the effect of reducing the severity of bumping, but also 
lengthened the time required to run the experiments at least threefold. It is sug- 
gested that future sediment investigators run a comparison of time and collection 
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efficiency of this technique and the macro Kjeldahl as described in Standard 
Methods, 13th ed., prior to final technique selection. 


To calculate the amount of ammonia or organic nitrogen present in the 
quantity of sediment analyzed, the following procedure was employed. The 
amount of ammonia collected in the receiving flask was determined by the mls. 
of .02 N NaOH required to neutralize the solution (x). Thus: 


x mis. X .02N _ 
1000 equivalents of NH, 


equivalents of NH, X molecular wt of NH, = &. of NH 


3 3 


And for organic nitrogen: 
equivalents of NH, x molecular wt of N = g. of N 


These lab results were then cenverted to ug/g dry sediment via the procedure 
outlined in Appendix A, 


B. Sulfide Analysis 


Sulfide concentrations were determined by an iodine titration technique as 
outlined in Standard Methods, 13th ed., and modified by Soule and Oguri (1974). 
In this procedure, sulfides are converted to hydrogen sulfide (H, 8) in a reaction 
tlask by the addition of a strong acid (concentrated H,SO 4) . The HS that is given 
off is transported via a carrier gas (No) into two serially connected collection 
tlasks containing zinc acctate. There the HS combines with the zinc acetate to 
form a precipitate. After acidification and the addition of an exact amount of 
iodine solution, the unreacted iodine is titrated with sodium thiosulfate (Na, 5,0.) 
using starch as an indicator. This procedure is straight-forward and efficient; 
standardization with a sulfide solution produced recoveries of >90% immediately. 
Sulfide content of the sediment was determined by the following formula: 


ml Iodine - ml Na,S, 0, X 400 


mg/kg S = ug/g S = g dry weight 
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C. Carbonate Carbon Analysis 


The determination of carbonate carbon was achieved by a method de- 
scribed by Gross (1967). In this procedure, the sediment reacts with phosphoric 
acid dripped onto the sediment contained in a U-tube, and carbon dioxide (CO,) 
is liberated from the carbonates by action with the acid. The CO, generated is 
carried via dry CO, free air through tubes containing magnesium perchlorate 
(MgC10 4) (water trap) and manganese dioxide (MnO, ) (to remove oxides of sulfur 
and nitrogen) and absorbed on NaOH contained in a collecting tube. The collecting 
tube is weighed before and after the test, to gravimetrically determine the amount 
of CO, absorbed. The weight of CO, collected is converted to per cent carbonate 
and per cent inorganic carbon by the following formulas: 


weight CO, 60 gms CO, 
% Carbonate = XxX xX 100 
weight sample 44 gms CO, 
weight CO 
% Inorganic Carbon = 2 x ems C x 100 


weight sample 44 gms co, 


1%C = 10mg/gC 


inorg inorg 
This procedure was standardized with calcium carbonate (Caco,) and recovery 


was found to exceed 95%. 


D. Organic Carbon Analysis 
The determination of organic carbon in the sediments followed the pro- 
cedure outlined by Walkley and Black as presented in Holme and McIntyre (1971). 
This is a chromic acid oxidation technique in which the sediment sample is di- 
gested with a chromic acid-sulfuric acid mixture, and the excess of chromic acid 
not reduced b, the organic matter is titrated with ferrous sulfate, a standard fer- 
rous salt. A detailed description of the procedure and instructions for prepara- 


tions of reagents can be found on pages 49 and 50 of Methods for the Study of 
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Marine Benthos, Holme and Mcintyre, eds., (1971). Approximately 1.4 g. of 
dried, seived (425 micron mesh) sediments were used for this analysis, and or- 
ganic carbon content was determined by the following formula: 


(V, -V,) X 3 


W = mg C-org /g. dry sed. wt. 
where 
vi = amount of N potassium di-chromate used; 
Vv 


27 amount of N ferrous sulfate used; 


W = weight of sample. 


The number three reflects the fact that each ml. of oxidized dichromate repre- 
sents three mg. of organic carbon. All values of organic carbon reported in this 
thesis are uncorrected values (see Discussion section). 


E. Phosphorus Analysis 


The analysis of phosphorus in this research followed the stannous chloride 
technique for measuring orthophosphate, as described in the 13th edition of Stand- 
ard Methods. Soluble (dissolved and suspended) orthophosphate and total phos- 
phorus were measured separately, the latter determination requiring a prelimin- 
ary digestion with a nitric-sulfuric acid mixed reagent in order to convert the or- 
ganic phosphate compounds to orthophosphate for measurement. In this determina- 
tion, orthophosphate combines with ammonium molybdate to form molybdo-phos- 
phoric acid. This complex is then organically extracted from an aqueous solution 
by a benzene~isobutanol solvent. After separation, the addition of methyl alcohol 
and sulfuric acid allows the reduction of the molybdophosphoric acid to molybdenum 
blue when stannous chloride is added. The molybdenum blue forms an intensely 
blue colored complex which can be measured colorimetrically with a Spectronic 20 
colorimeter. A blank was run with each test to check for possible phosphate con- 
tamination and for use as a colorimetric standard. Standards were frequently run 
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to check for deviations of the calibration curve which can occur at higher concen- 
trations. Concentrations of phosphorus were determined from a standard curve 
which plotted phosphate concentrations as a function of color intensity. Molyb- 
denum blue methods for phosphate analysis are quite sensitive and are widely used 
in soil and sediment testing (Olsen and Dean 1965). 


VI. PRESENTATION AND DISCUSSION OF DATA 


Prior to discussing the results of this study in detail, it would be useful 
to examine and review some of the limitations of the results presented. As with 
any scientific research, it is desireable to gather as much data about a specific 
parameter as possible. A significant limitation to the results presented here may 
originate from the fact that each sample site was visited only once, and it was 
thus impossible to measure changes that might occur in a seasonal pattern. The 
sediments used in the nutrient analyses were taken from the same core sample, 
and therefore represent conditions prevailing at that one specific location. Un- 
fortunately , however, the bottom of the lagoons studied here are quite patchy, 
and visual examination of some of the shallower sites revealed that even the sedi- 
ment surface exhibited a "marbelized" color pattern; that is, areas of dark sedi- 
ment were intermixed in areas of very clean sediment. This was especially ap- 
parent at the shallow sites when a fairly large current was in evidence. Since 
the results of the two investigators were to be eventually pooled, and since each 
_ would be drawing from the results of the other, the effort was made to take all 
cores at a site from sediments that looked representative of each particular site, 
and the extreme conditions were ignored. It was impossible to guage the success 
of this effort at the deep water sites, as the turbidity of the water generally made 
it difficult to see more than about a meter into the water. 


One shortcoming of the sampling technique that may have had a significant 
effect on certain results arose from the method employed in the collection of 
samples for water content analysis. Water contents were determined on samples 
taken from cores opened in the laboratory. These cores were exposed to vibrations 
in transport from collecting site to the laboratory that varied from mild to ex- 
treme, creating the possibility of disturbing the water content values. The impor- 
tance of accurate water content values can be appreciated by reading Appendix A 
concerning the calculations involved when analyses are made on wet samples. It 
is recommended that future researchers remove samples for water content analy- 
sis in the field. 

The laboratory methods employed were generally satisfactory, with the 
possible exception of the micro-Kjeldahl technique. Difficulties associated with 
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this procedure have already been discussed. While most determinations were 
run in duplicate or triplicate for each site, some of the phosphate analyses, 
which were performed by an assistant, were run only once. This, of course, 
makes it impossible to judge the repeatibility of the measurement at that site, 
All laboratory determinations have been included in the appendix section. 


The sites selected for this study were chosen to represent a wide variety 
of conditions in the lagoonal system. For this reason, pooling all of the results 
is of limited use in determining the relationships of one nutrient to the other, as 
different sites should be expected to have somewhat different characteristics . 
Therefore, sites have been pooled according to their dominant characteristics 
as outlined in the section on site selection (see Tables 3-7). 


One final limitation must be discussed with regard to the sampling proce- 
dure. When the split core tube was opened for extraction of the sediments, a 
portion of the sediment was exposed to the air. Bray, et.al. , (1973) report that 
this procedure can have the effect of decreasing the inorganic phosphate content 
of the sample, especially when iron is present, and the authors suggest that the 
sampling extraction be done in an inert atmosphere. For this reason, the figures 
reported for total phosphorus are probably more reliable than those given for to- 
tal soluble phosphate and only total phosphate values are discussed here. Expo- 
sure to the air may also oxidize sulfides to sulfates , causing the reported sulfide 
results to be on the low side. 


The sediments in the lagoons surrounding the Kennedy Space Center are 
without doubt acting as nutrient sinks with respect to the overlying body of water. 
The concentration of nitrogen in the organic form alone is on the order of five 
orders of magnitude greater than that reported in the water column as nitrate 
(Lasater 1974). Total phosphorus averages to six thousand times that level re- . 
ported for the water column. In general, the sediments studied ranged from very 
clean sands with little organic material at all (such as at the south end of Area 1) 
to a highly enriched organic sediment as in that found at the sewage outfall in 
Area 4, 


One finding which had been previously undiscovered in the research on 
these lagoons was the lower pH of the water at the sediment surface. In the past 


work on the water quality of these lagoons , water samples were either taken from 
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a pump and hose apparatus or by holding the water sample bottle under the surface 
in order to let it fill. In neither case was the water directly over the sediment 
sampled, and in some cases the deepest water collected may have been taken 
from as much as two feet (.6 m) above the bottom. Samples collected for this 
study were taken either by a messenger activated collection device lowered to 

just above the bottom, or by diving to the bottom and opening a collecting jar. 

The pH values obtained in this study are in the range of 6.5 to 6.9 for both the 
bottom water and the sediments, with the two correlating well. These figures 
contrast with the average value of eight for the pH of the overlying water mass 

as a whole (Lasater 1974). This discrepancy is easily explained, however, since 
the production of acids in the sediments, chiefly the phosphoric and sulfuric acids, 
will naturally lower the local pH. The pH of the water immediately above the 
sediments is known to be controlled by processes occuring in the sediments, so 
low pH values here are to be expected. These results could be easily tested in 
the future by deploying an immersible pH probe over the side of a boat and re~ 
cording pH vs depth. 


The concentration of organic carbon in the sediments is widely used as 
a major parameter for the evaluation of the nutrient levels present there. Ina 
recent study by Folger (1972) in which 45 estuaries and lagoons around the United 
States were studied and compared for the Department of the Interior , organic 
carbon was in many cases the only nutrient species examined. While nitrogen 
levels were examined in some instances, the high degree of correlation between 
organic carbon and organic (Kjeldahl) nitrogen found in the present study (.97) 
supports the contention that organic carbon presents the best method of assessing 
nutrient characteristics in the sediment. (Organic carbon also had'a high corre- 
lation (.97) with COD (Figure 6) and with Total Volatile Solids (.91) (Figure 7). 
The concentration of organic carbon in the sediments represents about half the 
total organic matter present there and consists of both natural plant and animal 
remains and of various pollutants (Folger 1972). Since the procedure for the de- 
termination of organic carbon was straightforward and the results were the most 
consistent of those obtained in this nutrient study, organic carbon values will pro- 
vide the basic framework of this discussion section, with the other nutrients pro- . 


viding supplemental information where applicable. Each nutrient species will then 
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COD = .23(C-org) + .23 
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Figure 6. Organic Carbon vs Chemical Oxygen Demand. 
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Figure 7. Organic Carbon vs Total Volatile solids. 
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be discussed individually with respect to high and low values and other miscel- 
laneous findings. 


One significant point should be mentioned prior to discussing the organic 
carbon values in detail. The figures indicated throughout this report represent 
uncorrected values as determined by the formula given in the section on laboratory 
procedures. The method used in this research was taken from Holme and MciIn- 
tyre (1971) who report the technique as giving a recovery of from 75 to 90 per cent, 
and who do not feel that a correction factor should be used when reporting the re- 
sults. Using the same technique however, Allison, in Black (1965) suggests that 
a correction factor of 1.3 or 1.33 be used when reporting the results. Since this 
discussion focuses primarily on relative rather than absolute values, the use of 
uncorrected results is quite sufficient, but this matter does become important 
when carbon-nitrogen ratios are discussed (see below). 


In order to help differentiate between natural and man-made conditions in 
the lagoonal sediments , the sampled sites have been divided into four categories 
in Tables 3 - 8 according to guidelines established in the section on site selection. 
Since some sites represent more than one influence, some results are included in 
more than one category. These categories were further divided by sampling area 
and averages were calculated where applicable (no averages were made in the cate- 
gory referred to as "Other", since there was no unifying characteristic in the sites 
mentioned there). No table was made for soluble phosphorus (it is included in total 
phosphorus) or for carbonate carbon. The two outfalls inArea 1 were grouped 
separately, and in Area 4, averages for the outfall area were calculated with 
and without the value for Site 4-168. 


Mean organic carbon values are summarized in Figures 8 - 11 and Table 
3. Six sites were considered representative of natural conditions in Area 1, al- 
though three of these are located in close proximity to the Intracoastal Waterway 
and are included in that grouping also (note that a number of sites fall into more 
than one category). The average value of organic carbon in these sites is 3.17 
mg/g with highs of 4.81 mg/g and 4.55 mg/g found at the shallow Sites 1-26 (.75m) 
and 1-8 (.5 m) respectively. The lowest values were found at the deeper Sites 1-2 
(1.84 mg/g C, 1.6 m) and 1-6 (1.42 mg/g C, 2.0m). This inverse correlation 
with depth is explained by the fact that high carbon values were obtained from those 
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Figure 8. Organic Carbon values (mg/g) in Area 1. 
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Organic Carbon values (mg/g) in Area 4. 
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shallow areas where there was extensive growth of rooted-vegatation, and thus a 
high level of organic detritus. Grasses are known to slow the circulation of 
water and allow suspended materials to settle out, while at the same time the 
broken and dead fragments of the grasses accumulate and are recycled through 
the food chain. _ 


The sites near the Intracoastal Waterway in Area 1 have average organic 
carbon values of 2.60 mg/g, with a low at the south end (1-6, 1.42 mg/g) anda 
high near the Knox McCrae (Titusville South) treatment plant outfall (3.10 mg/g). 
The lower carbon values in these sites reflect their greater average depth com- 
pared to the natural areas. 


The three sites used to measure the impact of the treatment plant have an 
average value between those of the waterway and the natural areas (2.69 mg/g), 
but here it is interesting to note that the depth relationship is reversed, with the 
shallower site (1-11S) showing lower values than the deeper values. Two factors 
probably account for this. Firstly, there was no evidence of rooted vegetation 
at 1-11S, and secondly, the turbulent boiling action resulting from the sewage 
plant's discharge evident in this vicinity could well have scoured the bottom clean 
(values for organic nitrogen and total phosphorus were also lower at 1-118 than 
at the two nearest sites). Another factor which may be of consequence here lies 
in the fact that the effluent from the treatment plant is fresh water, and therefore 
probably does not mix immediately with the saline waters of the lagoon. There . 
may be a tendency for the lighter fresh water to disperse on the surface before 
intermixing with the river water, and suspended material may be carried some 


distance away from the discharge site prior to settling out. 


Sites 1-26 and 1-298, located on opposite sides of SR 3 in the Banana Creek, 
show the high average C-org value of 3.90 mg/g. Since the treatment plant ad- 
jacent to the VAB is now basically inactive, and since Banana Creek has been 
dammed midway between these sites during the construction of the Space Shuttle 
runway and crawlerway, this high value can be regarded as representative of the 
large amount of detritus present in the creek. Banana Creek has the highest shore- 
line to water volume ratio of all the areas studied here, and probably is the most 
affected by surface runoff. The averages for organic nitrogen, sulfides, and total 


phosphorus were higher in Banana Creek than in any other grouped category in Areal. 


In Area 2, averages for organic carbon are higher than in Area 1 in all 
three major categories (natural, waterway, and outfall). This may be due in part 
to the influence of the Titusville North treatment plant, which produces 3.5 times 
the effluent of its southern counterpart (the figures are 1.2 and 4.2 million gallons 
per day, respectively) (Mendelsohn 1975), The average for the sites in natural 
areas is 3.77 mg/g, while the average for the area of restricted circulation be- 
tween the Titusville causeway and the railroad bridge which lies further north is 
4.69 mg/g. While it is possible that the sewage effluent is having an enriching 
effect on the water mass and producing the concomitant proliferation of phytoplank- 
ton (which eventually find their way to the sediments), the fact that Area 3, which 
has no sewage input, shows an even higher average value (5.09 mg/g) leads one to 
suspect that the higher values in Area 2 compared with Area 1 are the result of a 
larger area of shallow water and a higher standing crop of biomass. The sites ad- 
jacent to the waterway in Area 2 have a C-org average of 3.27 mg/g, again reflect- 
ing lower average values with greater depth. 


In Area 8, all sites can be considered natural, and the only site that is 
likely to be influenced by man is 3-12, which lies adjacent to the Intracoastal 
Waterway. The average C-org value found here was 5.09 mg/g, the highest of 
all four areas in the natural site category. The Indian River Lagoon (as Mosquito 
Lagoon is now known) is the least disturbed of all the areas studied. It is also the 
shallowest of the lagoons surrounding the space center, and has vast expanses of 
both rooted vegetation and unattached algae. A highly organic sludge has been re- 
ported near the southwestern shore here, but this was not encountered during samp- 
ling for this study. This sludge is thought to have originated from untreated sew- 
age discharged from the houses along this shore before the Kennedy Space Center 
took control of the area, but this is still unconfirmed. It is not known whether this 
sludge deposit is influencing the C-org content of the sediments in Area 3, but the 
high values there are easily explained in context with the large area of grass flats. 
Sites 3-3 and 3-9 had the high values of 6.52 mg/g and 6.51 mg/g respectively, 
Site 3-12 had an intermediate 4.82 mg/g, and the low value was obtained at Site 
3-7 (2.50 mg/g). The inverse correlation of organic carbon content and depth was 
not apparent in Area 3, and a closer examination of the proximity of the grass beds 


to the sampled sites would be necessary in order to explain this fact. 
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The sites selected in Arca 4 represent a wide varicty of natural conditions. 
The highest values for all nutrients (except ammonia) of all the siles wapipied wore 
found at the mouth of the small drainage canal that serves as the drain conduit for 
a sewage treatment plant. This plant serves the industrial area of the Air Force 
Station adjacent to the Kennedy Space Center. The carbon value measured here 
(53.5 mg/g) is nearly ten times the highest previously reported value. The flow 
from the canal is not fast, and there is no evidence of the turbulent boiling that 
characterizes the discharge of effluents in the Indian River plants. Furthermore, 
at the mouth of the canal stands a medium sized mangrove tree (Rhizophora mangle), 
which slows the current even more, allowing suspended materials to settle out. The 
net result is the deposition of a highly organic sediment, the only one that manifested 
a strong H,S odor when opened in the field. Sites 4-12 and 4-16, which were the 
established sites closest to this outfall, did not show extraordinarily high values 
for C-org (2.52 mg/g and 3.08 mg/g respectively) indicating that the effect of the 
treatment plant was localized in the vicinity of the effluent canal. Values obtained 
for all other nutrients did show higher than average values for these sites, how- 
ever, and when all factors are considered together, this area represented the most 
enriched area of all those studied in this project. On the opposite side of the Ban- 
ana River is a small creek, in the mouth of which lies Site 4-18. On the day that 
this site was sampled, a large quantity of grass (principally Cymodoceum mana- 
torum) was observed floating on the surface of the water there, and it appeared as 
if this accumulation was caused by an easterly wind, which was blowing at the time. 
The organic carbon value measured here was 6.06 mg/g, a relatively high value 
but not an unexpected one in light of the detritus that is flushed from the creek and 
the large amount of decomposing vegetation in the overlying water. 


Organic (Kjeldahl) nitrogen had the highest correlation with organic carbon 
(vr = .97) of all the nutrients measured (see Figure 12). The empirical relation- 
ship between these two nutrients was determined through a linear regression and 


produced the following equation: 


Organic nitrogen (ug/g) = 256 (Organic carbon (mg/g) | + 106 
Since the relationship of ug/g to mg/g is 1:1000, the average carbon to nitro- 
gen ratio for the entire lagoonal system is quite close to four (1000 /256 = 3.9), 


N-org = 260 (C-org) + 110 
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which compares to the C:N ratio of five that is often reported for detrital food 
sourccs with high bacterial populations (recall! that carbon values are probably 
low). The rclationship between carbon and nitrogen is graphed in Figure 12. 
The results of the N-org determinations arc categorized in Table 4; Table 5 
shows the results of the ammonia determinations. Area summaries for Org-N 
and ammonia are shown in Figures 13 - 16. 


The natural sites in Area 1 had an average N-org value 780 ug/g, and 
ranged from a high of 1500 ug/g at 1-8 toa low 310 ug/g at 1-19. This low value 
coupled with the relatively high amount of carbon found at 1-19 produced the high- 
est carbon to nitrogen ratio of any site in Area 1. Higher C:N ratios often indi- 
cate that the detritus has not been completely reworked, and that a large amount 
of the organic material is still only partially decomposed. On the other hand, 
this high value may indicate that the plants in the area have extracted most of the 
available nitrogen from the sediments, leaving the excess carbon. The above 
average value for ammonia found at this location may point to the fact that the 
available nitrogen it tied up as ammonia. 


The deeper waterway sites contained a higher average N-org value than 
did the natural sites (860 ug/g), which contrasts with the relationship observed 
for organic carbon, and ammonia paralleled this result (820 ug/g) for the natural 
areas , and 340 ug/g for the waterway. While one may speculate that this is caused 
by a lack of uptake of nitrogen by rooted plants at the deeper sites, the fact that 
the natural areas in Area 2 have almost twice the N-org values as the waterway 
sites there (1400 ug/g vs 780 ug/g) would seem to indicate that another explanation 
is necessary. 


The sites on and around the Titusville South treatment plant discharge pipe 
did not show an accumulation of N-org, but did show high levels of ammonia (730 
ug/g N-org, 830 ug/g NH,)- Again, the sites sampled in Banana Creek showed the 
highest averages in both categories (1100 ug/g for N-org, 1000 ug/g for NH,). 
Site 1-23, located just south of the western portion of the Titusville causeway and 
adjacent to a dredged navigational channel running from the Intracoastal Waterway 
to a nearby marina, showed very high values for both N-org (1400 ug/g) and am- 
monia (3000 ug/g). No explanation is apparent for this anomaly, since values for 
the other nutrients at this site are all somewhat below the area averages. 


TABLE 4 . ORGANIC (KJELDAHL) NITROGEN (ug/g) 
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Figure 13. Ammonia (top) and Organic Nitrogen 
(bottom) values (ug/g) for Area 1. 
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Figure 16. Ammonia (top) and Organic Nitrogen 
(bottom) values (ug/gj for Area 4. 
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The averages for the natural sites in Area 2 are almost double those for 
Area 1 for both organic nitrogen (1400 ug/g) and ammonia (1600 ug/g); which may 
again indicate the possible enrichment effect of the north treatment plant. The 
enclosed area around the outfall had the very high values of 2000 ug/g and 1700 
ug/g for N-org and ammonia respectively. The highest N-org value reported in 
Area 2 was opposite the outfall at Site 2-2 (2900 ug/g) while the lowest values 
were obtained at the sites near the waterway (av. 780 ug/g). Ammonia averages 
were fairly consistent throughout the area (1600 ug/g natural, 1800 ug/g water- 
way, and 1700 ug/g outfall) and these differences are probably not significant given 
the difficulties associated with the laboratory determinations. " 


The average values for the sites sampled in the Indian River Lagoon are 
620 ug/g for N-org and 600 ug/g for NH,- The carbon to nitrogen ratios there 
were the highest found anywhere in the lagoonal complex (average 10.7 with a high 
of 20.2 at 3-9 and low of 2.64 at 3-7). This again points to the conclusions that 
the nitrogen here is either mostly bound in the vegetation or that the detritus is at 
_ 4 lower level of degradation. . 


In the Banana River the N-org value of 1500 ug/g, representing the averages 
of the natural sites, was the highest of all the four areas. The mouth of the dis- 
charge drainage canal had a value of 14,000 ug/g, about an order of magnitude 
greater than the averages in all other areas. The two sites adjacent to the outfall 
averages 1400 ug/g, with the closer 4-16 showing 1900 ug/g and 4-12 showing 820 
ug/g. (It was observed that concentrations were higher for all nutrients at 4-16 
than at 4-12, which can be assumed to indicate a gradient of high to low concentra- 
tions leading from the discharge site.) The sample taken from the mouth of the 
creek on the opposite bank of the river showed the relatively high value of 1700 ug/g . 
for N-org, ranking it fourth among all the sites sampled. Contrary to expectations, 
the concentration of ammonia found at 4-16S was not the highest of all sites , but 
took second place behind the aforementioned anomolous 1-23. Grouping the other 
three sites in Area 4 produced the moderate average of 780 ug/g NH, ‘ 


Total phosphorous and dissolved phosphate values are summarized by area 
in Figures 17 -20. Total phosphorus concentrations (see Table 6) in the natural 
sites of Area 1 averaged 220 ug/g, with a high at 1-20 (419 ug/g) and a low at 1-6 
(81 ug/g). The waterway average was slightly lower at 180 ug/g, while the sites 
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Figure 17. Total (top) and Dissolved (bottom) 
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around the outfall had a very Icw concentration average of only 86 ugg. Indeed. 
the lowest total phosphorus value found anywhere in the lagoonal system was im- 
mediately next to the discharge pipe at Site 1-11S. Since sewage effluent is known 
to contain large quantities of phosphates, this is a clear indication that the nu- 
trients from the treatment plant are not settling in the immediate area of the out- 
fall but are being transported via currents and mixing to more distant locations. 
The averages of the Banana Creek sites again yielded the highest P-tot concentra- 
tion of all the averages in Area 1, and on a system wide basis were surpassed only 


by the values obtained in Area 4. 


The natural sites in Area 2 averaged 200 ug/g, which is lower than that re- 
ported for Area 1. This is the first indicator which strongly suggests that the 
higher nutrient characteristics generally observed in Area 2 are due to natural 
causes , rather than due to the influence of the north treatment plant. If the treat- 
ment plant was the primary source of enrichment, high phosphate levels should be 
observed here. The sites near the outfall did show a higher concentration average 
of 270 ug/g, but this is not substantially greater than the averages for the natural 
areas in the Indian River. 


The average level of total phosphorus in the Indian River Lagoon was 382 
ug/g, with a high of 707 ug/g at 3-9 and a low of 151 ug/g at 3-7. Site 3-9 also 
had a high concentration of organic carbon, yet it showed the lowest organic ni- 
trogen level in Area 3. It would be necessary to know more about the circulation 
and biology of this area in order to explain this odd result. 


In Area 4, where the natural sites had the highest average value for all 
four areas (788 ug/g), the highest concentration of all was of course found at the 
discharge canal at 4-16S (1540 ug/g). This concentration is only about 150% the 
average for the adjacent sites (1080 ug/g), which is in sharp contrast to the dif- 
ferences reported for the other nutrients (where the factor was about 1000%). The 
high level reported for Site 4-12 probably reflects the fact that this site was im- 
mediately adjacent to an island used as a rookery by a number of species of shore 
birds. (These birds did not appreciate the intrusion of a noisy outboard motor and 
three graduate students !) 


Nitrogen is concentrated in protoplasm by a factor of 15 times that of phos- 


phorus (Hill 1966). Since the concentrations of organic nitrogen in these lagoons 
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averages to only three times that of the total phosphorus in the natural areas, evi- 
dence is again presented to support the contention that nitrogen is the limiting 
nutrient in these ecosystems. 


Sulfides and organic carbon correlated with a coefficient of +.86 (see Fig- 
ure 21), and the equation produced by regression analysis was: 


Sulfides (ug/g) = 4.72 [Organic carbon (mg/g)| + 48.9 


Sulfide concentrations are summarized by area in Figures 22 - 25. 


The natural sites of Area 1 had an average sulfide concentration of 57.4 
ug/g, while the waterway sites showed an only slightly higher concentration of 
61.5 ug/g (see Table 7). There was no strong correlation of sulfides with depth, 
and the magnitude of difference between the lowest and highest measured values 
was the least for sulfides compared to the other nutrients (approximately 15:1). 
The second highest concentration measured in the sediments of Area 1 was found 
at Site 1-26 near the mouth of Banana Creek (69.0 ug/g) while the other site in the 
creek, 1-298, had a more normal value of 59.6 ug/g. The highest concentration 
measured in Area 1 was 76.3 ug/g at Site 1-8, where high organic values are often 
observed. The sites around the Knox McCrae treatment plant showed an average 
of 58.7 ug/g. 


In Area 2, the natural areas showed higher averages (68.6 ug/g S ) than 
those in Area 1, while the sites near the waterway were somewhat lower (48.6 
ug/g). This time, however, the area of reduced circulation around the north treat- 
ment plant outfall showed the lowest average for Area 2 (32.7 ug/g). The highest 
concentration of sulfides here was observed at Site 2-24 near the mouth of Haulover 
Canal, The lowest concentration occured at 2-1S, adjacent to the effluent discharge 
pipe. 


The sites in Area 8 ranked second highest in sulfide concentration with an 
average of 78.8 ug/g. The high value (112.10 ug/g) was observed at the deepest 
site (3-9), while the lowest concentration was measured at the southernmost loca~ 
tion (3-3, 46.0 ug/g). 


The Banana River showed the highest average sulfide concentrations with 
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Figure 21. Organic Carbon vs Sulfides. 
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Figure 22. Sulfide values (ug/g) for Area 1. 
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Figure 23. Sulfide values (ug/g) 


for Area 2. 
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Figure 24. Sulfide values (ug/g) for Area 3. 


Figure 25. Sulfide values (ug/g) for Area 4. 
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an average value of 122 ug/g. Site 4-16 had the highest concentration of the natur- 
al areas with a value of 134 ug/g, while 4-12 and 4-18 came in about even at 89.3 
ug/g and 84.7 ug/g respectively. The highest value for the lagoonal system was 
again recorded at 4-168 (303 ug/g) reaffirming the nutrient trapping effect so evi- 


dent at this location. 


In general it can be said that the higher sulfide concentrations in all areas 
were found in those locations where the currents and mixing effects of the water 
were likely to be least evident, such as in thedeeper sites (1-11, 3-9), those near 
grass beds (1-8, 2-30, 3-12, 4-12), or where man made structures have reduced 
the circulation of the water (2-24, 4-16). The sulfide levels reported for the sur- 
face sediments are probably representative of the conditions deeper in the sub- 
strate, where the greatest concentrations of sulfides occur, but this conjecture 
should be tested by future researchers in order to determine the validity of surface 


sediment, mcasurements for sulfide studies. 


Carbon tied up as caleium carbonate (Caco,) is essentially removed from 
the nutrient cycling and is more important to the geological considerations of the 
sediment than it is to the biota. The carbonates found in the lagoonal system sur- 
rounding the Kennedy Space Center are almost exclusively in the form of pelecypod 
shell debris, and thus can serve as an indicator of past molluscan community 
assemblages. Carbonate values in the sediments ranged from a low of .8 mg/g 
at Site 4-18 toa high of 23 mg/g (2.3 %) at Sites 3-9 and 4-16S (see Figures 26 - 29). 
The Indian River Lagoon stood out as having the highest overall percentage of shell 
debris in the surface sediments, a finding verified by the grain size analyses run by 
Mendelsohn (1975). 


When the natural sites of each area are grouped and averaged, it is possible 
to get some indication of the comparative nutrient quality of each. In Table 8 shown 
below, the various areas have been ranked from high to low in each of the major 
nutrient categories. While the small number of sample sites employed make it 
difficult to draw conclusions with a high degree of certainty, the results of the nu- 
trient analysis performed in this research indicate that Area 4 has the highest over- 
all concentration of nutrients in the sediments, followed in order by Area 3, Area 2, 


and Area l. 
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Figure 26. Carbonate Carbon values (mg/g) for Area 1. 
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Pigure 27. Carbonate Carbon values (mg/g) for Area 2. 
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TABLE 8 


Ranking of Nutrient Concentrations Found 
in Natural Sites by Study Area 


Area 1 Area 2 Area 3 Area 4 
Organic C 1 pt 2 pt 4 pt 3 pt 
Organic N 2 pt 3 pt 1 pt 4 pt 
Total P 2 pt 1 pt 3 pt 4 pt 
Sulfide 1 pt 2 pt 3 pt 4 pt 

6 pts 8 pts 11 pts 15 pts 

Key: 
4 pts = Highest average concentration 


1] pt + Lowest average concentration 
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VII. CONCLUSIONS 


The objective of this research was to assess the overall ecological quality 
of the lagoons surrounding the Kennedy Space Center by a study of the nutrient 
conditions as reflected in the sediments. The results of this research indicate 
that the influence of man on the lagoons has been of minimal consequence, and 
that cultural eutrophication is not cvident at this time. The only area of concern 
was that in the immediate vicinity of Site 4-16S, where high concentrations of nu- 
trients were found to be accumulating due to the effluent of the Air Force Base 
sewage treatment plant. It is recommended that this area should be investigated 
further, with special reference to the possibility of extending an effluent discharge 
pipe into the Banana River. Sediment analysis has shown that this procedure works 
well in this lagoonal system, as evidenced by the fact that the sediments taken from 
the immediate vicinity of the Titusville treatment plants discharge pipes showed no 
substantial accumulation of nutrients , and indeed often showed extremely low values 
when compared to the adjacent areas. The accumulation of nutrients at Site 4-16S 
has been shown by Tower (1975) to be paralleled by an accumulation of trace metals, 


and it is felt that this may present a potential problem area if left unchecked. 


The influence of the Intracoastal Waterway on the sediment parameters was 
shown to be negligible, with values at the deeper sites near the waterway showing 


no substantial differences from values obtained in more natural areas. 


The variation of nutrient levels from site to site does indicate that the sedi- 
ments are not homogeneous throughout the lagoons, and that local influences are 
being felt. It would be necessary to collect much more data on the local circula- 
tion patterns and local biological communities in order to interpret variations ona 


Site by site basis. This work is left for future researchers. 


Bascline conditions have now been cstablished for the concentrations of the 
major nutrients in the sediments surrounding Cape Kennedy. If the continued dis- 
charge of sewage clitluents accumulates to levels that become unsatisfactory , these 
changes will be reflected by changes in sedimentary chemistry. At present, it 
seems that the input of nutrients is being satisfactorily handled by natural biological 
and chemical processes. If, on some future day, a returning space shuttle is forced 


to "splashdown" rather than "touchdown", the impact of this event can also be 


~] 


measured with respect to sedimentary characteristics. It is hoped that this re- 
search will be of use to other investigators when they attempt to summarize the 


overall quality of this lavoonal ceosystem. 


is 2) 
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APPENDLX A 


Techniques Used in the Analvsis and 


Computation of Nitrogen and Phosphorus 


The results of both nitrogen and phosphorus are reported as ug of nutri- 
ent ion per gram of dried sediment. As these analyses were made on wet sedi- 
ments, it was necessary to make appropriate corrections of the laboratory results 


in order to report them as dry weight concentrations. 


It was assumed that after the addition of the preservatives, the nutrient 
ions present in the sediments were actually contained in the pore water (Dr. J.A. 
Lasater , personal communication). The addition of the 10 mls. of preservative 


had the effect of diluting the concentrations in the pore water by a factor of 


10+W 
w 


Ww. 
Ww 


where 10 represents the weight in grams of the preservatives added (assuming that 
10 mls. of preservative weighs 10 grams, an assumption verified by laboratory 
testing) , and Wis represents the weight of the pore water of the collected sample in 
grams. With water content defined as the weight of the water divided by the weight 
of the solids, it becomes possible to determine the amount of water collected in the 
field sample by multiplying the wet weight of the collected sample by the water con- 
tent of the sediments at that site as determined by Mendelsohn on his three co-site 
cores, Water content values were also measured on the wet sediments as they 
were taken from the sampling jar for laboratory analysis so as to measure the water 
content of the sediments as tested. This was done by taking a portion of the sedi- 
ment and placing it in the reaction flask, and then taking a similarily extracted por- 
tion for water content analysis. By knowing the water contents of both the sample 
analyzed and the original sample, it becomes possible to convert wet results to dry 
weight results in the manner described below. It is assumed throughout that one g. 
H,O is equivalent to 1 ml. H,0. 


Water content is defined as the weight of the water in a sediment sample 
divided by the weight of the solids (Lambe 1951). 
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W.c. = Sr (1) 
s 
Witt eet ae Me 


With the following algebraic manipulation: 


WwW. = (W.C.) W 
Ww s 


= 
Hl 


(W.C.) W_ + W 
8 8 


H 


wea + W.C.) 


W 
W = eens eee 
s (1+ W.C.) 


the following useful formula is produced. 


WwW 


= t 
W. = (Wits) Gs Wee (2) 


Allowing Wool to represent the weight of the water in the sample analyzed 
in the lab, and Wo) and Wi to similarly represent weights used in the samples 
as analyzed, then 
Wi 


Mea eae W.C.4) (3) 


Dividing the amount of nutrient found in the testing procedure (lab result) by 
the amount of water contained in the analyzed sample produces the concentration of 


the nutrient species in the water of the analyzed sample, or: 


dab cesult = concentration of nutrient in water analyzed (4) 
wl 
(10 + W. ) 
Multiplying this result by the dilution factor ae nae gives the concerntra- 
w 


tion of the nutrient in the water of the field sediment: 
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Concentration in watcr x of Ww) . Concentration in (5) 
analyzed W. field sample : 


Knowing the concentration in the ficld sample, and the weight of the water 


collected, it is possible to determine the total] quantity of the nutrient collected in 
the field: 
WwW xX concentration in = total nutrient collected 
w : (6) 
field water 
Dividing this by the weight of the solids collected gives the dry weight rela- 
tionship: 


Total aah nt collected = nutrient /dry sediment (7) 


s 
Combining #3 through #7 produces the following formula for the calculation 


of dry weight relationships from wet weight results: 


(Lab result) X (10 + Wi) 


W ow = nutrient/dry sediment (8) 
Ss > 


wl 


APPENDIX 8B 


Supplemental Information 


Summary of Mendelsohn's Results 


Site pH Eh({mv) 
1-2 6.682 +744,2 
1-6 6.625 ~ 97.2 
1-8 6.710 + 51,7 
1-1] 6.641 - 66.2 
1-115 6,664 - 26.7 
1-15 6.554 ~321.7 
1-19 6.572 ~236.7 
1-20 6.539 -316.7 
+223 6.755 ~ 90.0 
2-18 6.682 -116.7 
é-] 6.55] - 53.3 
on’ 6.724 ~216.7 
end 6.551 - 23.3 
2-1/7 6.488 -113.3 
2-24 6.50) -173.3 
2-30 6.496 -190.0 
3-3 6.635 ~375.0 
3-7 6.625 -~366.7 
3-9 6.647 -293.3 
3-12 6.625 - 366.7 


1-26 6.533 -450. 
1-298 6.567 ~570. 
4-12 6.724 -290. 
4-16 6.692 ~320. 
4-168 6.767 ~370. 
4-18 6.718 -350. 


ND - No Data Taken 


QOocooo0o°co 


TABLE I 


Sediment Data 


Eh(mv) 
Field 


ND 
ND 
ND 
ND 
- 40 
- 300 
-310 
~370 
~180 
~280 
~270 
~310 
-100 
ND 
-250 
-180 
~360 
- 330 
~340 
~ 350 


-410 
-200 
~ 300 
380 
-330 
~490 


nae pee 


OE GG Oe 


(% dry wgt.) 


OMmMoOo~roonro K—KoOo0o0o0H- OK MO OC om 


Ga RO at eet oe 


Vol. 


(% dry wgt.) 


BHD DP —P — OO ss SO sD ss sO Ot 


POD SMP 


Sol. 


60 
597 
ea 
£63 
«03 
.63 
43 
308 
.60 
73 
.07 
.00 
17 
40 
.67 
10 
207, 
«67 
38 
.03 


.60 
. 30 
.69 
“09 
44 
.99 
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Water 
Content 


(%) 


23.7 
29.8 
24.8 
30.5 
22.) 
39.0 
25.9 
47.4 
-20.2 
31.5 
eet 
41.6 
32.3 
43.] 
34.2 
40.5 
43.0 
42.0 
7155 
43.8 


Site D.0. (ppin) 


«Ou 
p20 
87 
«00 
aor 
«OF 
.07 
aeT 
67 
aa | 
.67 
me 


—_— 
NSNMOWOINOADN OH OU WOW 


PS 
' 
— J 
Nm 
WNNDOOIN 
cS 
CO 


ND - No Data Taken 


TABLE 2 


Bottom Water Data 


Salinity(ppt) 


AAAAGDAAADN 


DADADANAARAA 


ARAN ND Da 


os 


. 885 
-818 
-830 
. 880 
.624 
612 
.602 
.691 
- 604 
702 


ND 


. 730 
54] 
514 
sel 
-508 
.678 
2639. 
.634 
-665 


DG 


~609 
183 
.829 
802 
.788 


Eh(mv) 


+414 

+107.9 

+169.9 

+147.) 

+120 

+ 85 

+410 

+ 60 

+ 50 

+ 65 
ND 

+ 90 

+170 

+160 

+150 

+160 

+ 40 

+100 

+105 

+ 95 


90 
60 
80 
85 
82 
95 


terete + 


18, 
18, 


qoooocncooooouwmoooocqcnonou 


ooooo00o 


Temp. 


ON HHO HSH] 4 OOH HNONMON—~ 


oOo7"aCoco 
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APPENDIX C 


Laboratory Resuils 
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LABORATORY RESULTS - RAW FICURES 
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The investigation of the Indian River and Mosquito Laggon, 
surrounding the John F. Kennedy Space Center, Florida, for possible 
pollution from local sewage treatment plants by analyzing their bottom 
sediments and the physical characterization of the sediments is the 
objective of this study. Using the chemical and physical data 
obtained from the dissolved oxygen, pH, oxidation-reduction potential 
(Eh), chemical oxygen demand (C.0.D.), volatile solids, water content 
and grain size, the marine sediments are studied. 

The effect of two secondary sewage treatment effluents is 
examined along with areas disturbed by other factors. Some of *he other 
factors having an effect on the bodies of water are land runoff, dredged 
sediments, and movements of the body of water itself. 

The most important. factors in the formation of a polluted body 
of water are the amount of oxygen available and the amount of mixing 


that occurs in the river or lagoon. Because of this, runoff from the 
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land and other sources of effluents can be more detrimental to a marine 
system than a treated sewage effluent. 

This investigation has shown that effluents fron the secondary 
treatment plants studied have no more of an effect on the waters than 
other factors in the area if their effluents are well dispersed with 


the receiving waters. 


TABLE OF CONTENTS 


1; INTRODUCTION 


ee SS oo 


Il. BACKGROUND 


oe eee meee reer eee ee eer ern er es er eset ruroe 


Il. SAMPLING AND TESTING 


eos ee eee eee ese e eee ree eeereerervve 


IV. PRESENTATION AND DISCUSSION OF DATA 


eee ee ernst vereeas 


V. CONCLUSIONS AND RECOMMENDATIONS ..... . 


APPENDEN ol”: Vesuaeeeu ee ei weanyen . 
APPENDIX II 


eoeer eee n eee eeosrereeeeeeeeoe eserves aes eeereee esos 


REPERENCES. siaawied wedded esa oes eu ease Curia ctaud wade ews 


26 
30 
58 


61 


iv 


LIST OF FIGURES 


Page 
Site. Location Mapii.cusscescs vise ete ieee ei ckiws tees 3 
Lagoons of East Central Florida... .... ccc ccc eee veeees 4 
Volatile Solids and C.0.D. Vs. eet i anebaegeN ees 18 
PH VS: Elixisas eaaers sai aana seat i ieatesa manana siete 19 
Volatile Solids Vs. C00. Dijesieiaccrs ease estes weececa 23 
Volatile Solids Vs. Site Locatlonisdiws beceekieaseene 24 


Volatile Solids Vs. Water Content..........ccccvecces 25 


Eh Vs. Volatile Solids. ....... ccc ccc cece cence ees eenee 26 


vi 


ACKNOWLEDGEMENTS 


This work was supported in part by the National Aeronautics and 
Space Administration (NASA) at Kennedy Space Center under grant number 
NGR-10-015-008 entitled "A Study of Lagoonal and Estuarine Ecological 
Processes in the Area of Merritt Island, Florida, Encompassing the 
John F, Kennedy Space Center." 

The author would like to thank Steve Peffer and James Schooley 
for their aid in the field collecting samples. The author also acknow- 
ledges the help and suggestions of Dr. £.H. Kalajian, Dr. R.H. Fronk, 
and Dr. D.D. Woodbridge. 

The author would also like to thank Tina Myers, without whose 


help this paper would not have been typed. 


INTRODUCTION 


One way to investigate a body of water for possible pollutian 
is to investigate its sediments. Using several chemical and physical 
tests on the sediments, much can be learned about what is ccing on in 
the marine environment and to see if it is being overloaded with 
organic matter. The chemical properties of bottom sediments reflect 
the nature of source sediments, the chemical nature and physical 
processes that characterize the water that overlies the bottom, end 
chemical and biochemical processes that take place within the sediments 
as they consolidate. (Nelson, 1972) 

This study investigates what affect, if any, local sewage 
treatment plants have on the sediments and the chemical and physical 
characteristics of the sediments. 

The lagoons being examined are important because of their 
proximity to the Kennedy Space Center and their use as a part of the 
Intracoastal Waterway System. These waters are saline due to having 
several inlets opening into the system (Figure 2) and also the locks 
located at Port Canaveral. There is also a considerable amount of fresh 
water entering the system from land drainage giving a brackish water 
typical of estuaries. 

These bodies of water have been altered by man through land 
use and the construction of several bridge and causeway systems. Also, 
the construction of Haulover Canal has opened a connection between 
Mosquito Lagoon and the northern part of the Indian River. On the 


other hand, construction for the Kennedy Space Center has closed off 


the natural connection of the Banana and Indian Rivers. The Canavera! 
Harbor and Barge Canal has opened another unnatural link between the 
Banana and Indian Rivers and the ocean. 

The part of the Indian River being looked at in this study 
extends from the Orsino Causeway (NASA Parkway) to the Titusville 
Causeway (Area 1) to the north tip of the Indian River (Area 2). 

The Mosquito Lagoon was looked at over its length (Area 3). Also 
included are the Banana River north of the Bennett Causeway (Area 4) 
and Banana Creek (part of Area 1). 

The nearest free connections to the ocean are the Ponce de Leon 
Inlet 25 miles to the north of the Mosquito Lagoon entrance to Haulover 
Canal, and Sebastian Inlet fifty miles to the south (Figure 2). This 
leads to the fact that there is little or no tidal influence. 

These waterways are all very shallow. The deepest areas are 
the dredged areas of the Intracoastal Waterway which is dredged to 3.5 
meters. The rest of the areas have water depths of 2 meters or less. 
Wind-induced currents and wind tides provide the major mechanism for 
movement and mixing of these waters. (Dil1, 1974) 

The two sewage treatment plants operated by the city of 
Titusville, located in areas 1 and 2, are secondary Sewage treatment 
plants. They are activated sludge plants with an average daily flow 
of 1.2 million gallons and 4.2 million gallons, respectively, and a 
90-95 per cent B.0.D. removal. 

The treatment plants in the Banana River and the Banana Creek 
are both secondary treatment plants, however they treat industrial 


sewage. They are trickling filter plants, but the one in Banana Creek 
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also uses a polishing pond, 

The abundance of algal nutrients in some secondary effluents 
can lead to profuse algal growths which would result in an increase 
in organic and suspended solids from the treatment plant. Even well- 
treated secondary effluents can contain refractory organic materials 


as measured by the chemical oxygen demand. 


BACKGROUND 


The dissolved oxygen (D.0.) is important to deternine if there 
is oxygen available to the sediments for oxidation of organic matter. 

If the water were oxygen deficient, anerobic decomposition would occur. 
This is much slower than aerobic decomposition. Sediments with not 
enough oxygen become a reducing environment instead of an oxidizing one 
(Nelson, 1972). Atmospheric oxygen enters the water through the surface. 
This allows a river to be capable of eliminating a definite amount of 
organic matter by itself by having enough oxygen available in the water. 
This is called self~purification. 

As one goes deeper into a body of water or as the body gets 
deeper, the sediments have less dissolved oxygen available since it is 
farther away from the surface interaction with the atmosphere. The D.O. 
decreases with depth (Yasso, 1965). The more isolated an area, the 
lower the bottom D.0. will be due to little mixing with the oxygen in 
the atmosphere and the surface waters. 

The pH is a measure of acidity or alkalinity of the sediment. 

The pH of bottom sediments integrates a number of environmental variables 
including salinity, CO. dissolved in the pore waters, dissociated organic 
acids and bases, dissociated organic decomposition products such as 
ammonia, and dissociated clay minerals (Nelson, 1972). 

The pH usually increases as the salinity goes up. It also is at 
its lowest where the bacterial action is at its maximum. As the grain 
size increases, the amount of organic matter usually decreases and 


therefore, the pH gets higher (Emery & Rittenberg, 1952). CO lowers 


the pH due to its ability of forming a slightly acidic solution, while 
ammonia raises it since it forms a basic solution. 

The pH of most surface sediments is near that of the overlying 
water due to constant mixing due to the sediments retaining large 
amounts of water. A pH maximum occurs below the surface when sedimenta- 
tion is rapid and implies that the large amount of organic matter is 
being decomposed by the micro-organisms at a fast rate, therefore 
producing ammonia due to the anaerobic decomposition (Nelson, 1974). 

Throughout a 24-hour period, the pH increases during the daytime 
and decreases at night when there are plants present. This is due to 
the production of oxygen and the use of bicarbonate ion during the day 
by photosynthesis followed by the use of oxygen and the production of 
bicarbonate ion by respiration (Emery, 1969). 

The Eh is probably one of the most important tests to learn the 
state of the sediments. The Eh of a system is an expression of its 
oxidizing or reducing intensity. A positive Eh will indicate a well 
oxygenated sediment usually poor in organic matter and in the oxidized 
state. A negative Eh usually indicates sediments rich in organic matter 
and in the reduced state (Zobel]l, 1946). The Eh of a sediment depends 
on 1) the rate and type of bacterial activity, 2) the amount and kind of 
organic matter, and 3) the rate of Oo penetration into the sediment 
(Emery and Rittenberg, 1952). The controlling factor on Eh is the supply 
of oxygen with respect to the amount of organic matter to be decomposed 
or oxidized (Blatt, et al, 1972). "Negative Eh is associated with 
bacterial decay of organic matter and depletion of oxygen" (Nelsor, 1972). 


In a natural environment neither the Eh nor the pH is an independent 


variable. The redox potential is particularly affected by the zone of 
maximum bacterial action. The zone of maximum bacterial action occurs 

at the zone of lowest pH which is usually at the sediment-water interface 
(Emery & Rittenberg, 1952). The surface sediments usually are positive 
and become negative just below the surface (Nelson, 1972). 

The chemical oxygen demand (C.0.D.) test is an indicator of the 
quantity of oxidized compounds present in the sediments. This test is 
related to the amount of organic matter present. By definition, the 
C.0.D. is a measure of the oxygen equivalent of that portion of 
organic matter in a sample that is susceptible to oxidation by a strong 
chemical oxidant. 

The volatile solids content is an estimate of the organic 
material present in the sediments also. A correlation between total 
volatile solids and the chemical oxygen demand has been presented 
(Soule and Oguri, 1974). It is as follows: 

T.V.S. (% dry) = 1.32 + 0.98 (C.0.D. %) 

The authors graph total volatile solids versus chemical oxygen 
demand for their sediments and do not arrive at this correlation. Their 
sediments were fine grained silts and clays. The Environmental 
Protection Agency has set up criteria for determining whether a dredged 
area is polluted. These are 6 per cent on a dry weight basis for 
volatile solids and 5 per cent on a dry weight basis for the C.0.D. 

The water content is important in itself and because it is 
needed to obtain per cent dry weight values for several tests. Water 
content usually increases as thé grain size decreases and as the amount 


of organic matter increases. Also, surface sediments exposed to scour 


have low water content (Nelson, 1972). 
. Grain size is important because it helps give an idea of what 
is present in the sediments. Usually where sediment particles are 
the finest, the organic content is the highest and where they are the - 
coarsest, the organic content is the lowest. In silt-free areas the 
coarseness of the particles provide much interstitial space favorable 
to interstitial biota which keep organic accumulations to a minimum. 
In finer sediments, filter feeders, which are important consumers of 
the organic supply, do not function wel] and are not as prevalent 
(Nelson, 1972).. Grain size also is important as to whether there is 
mixing to help oxidize the sediments. The finer particles are more 
cohesive and therefore more tightly bound so mixing is not as easily 
obtained. 

The color of the sediments is a physical method for gaining 
an idea of the make up of the sediments. Differences in color are due 
to the following constituents: clay minerals, which make up the bulk 
of the fine-grained sediments, are olive colored; organic compounds 
which can yield dark gray or black colors; reduced ferrous-rich 
compounds yield gray-colored sediments. Land-derived ferric iron mixed 
with olive-colored soil may be responsible for the olive brown color in 
sediments. Sediments with thick oxidation layers are olive brown 
colored, while sediments with thin oxidation layers are grayish olive 
or olive (Nelson, 1972). 

Surface sediments which are brown in color contain unreduced 
iron compounds with a slightly positive oxidation-reduction potential. 


When these sediments are suspended and redeposited due to water currents, 
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the reducing process must be started over again. Below the surface 
layer, reducing processes convert free iron compounds, and the sediments 
become olive gray (Nelson, 1972). When the surface sediments are dark 


gray in color, there usually is an excess of organic material present. 
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SAMPLING AND TESTING 


The sites for investigation were selected in conjunction w th 
Peffer (1975) to cover the Indian River and Mosquitr. Lacoon. The six- 
teen sites in the Indian River were selected in order te cover the area 
north and south of and in the area of two sewaqe outfalls (Figure 1). 
This would show what effect, if any, the two sewage treatment p:ants 
have on the river. Many sites were picked for their proximity to the 
Intracoastal Waterway. Also sites like 2-30, 1-8, and 3-7 were picked 
for their isolation from man's activity. ~Four additional sites have 
been selected in the isolated Mosquito Lagoon for use as a comparison. 
Single cores were taken in the Banana Creek and Banana River as back- 
ground for Peffer (1975) and to gain a better picture of the area. 

The data were collected over a four month period from the 2nd 
of January to the end of May. During this time there was a lack of rain 
due to the annual dry season. For the most part the cores were collected 
from the south of area 1 to the northern tip of area 2 and then Mosquito 
Lagoon. The cores in area 4 were taken last. The samples were also 
taken between the hours of 10 a.m. and 3 p.m. during the day. The 
weather ranged from sunny and calm to stormy and windy. Since this 
study is looking at the sediments, these effects are considered minimal 
except for the temperature difference affect on the salinity and the 
water depth. 

The sampling procedure was as follows: a small boat was 
positioned by using a hand bearing compass and anchored at the site 
using three anchors. While at each site, three cores were taken, except 


Progen 


: ‘ 
for the sites in Banana Creek and Banana River where only one core was * 


taken, and sealed to be brought back to the labcratcry. Also, at each 
site the following information was taken from the weter columns. 
dissolved oxygen, temperature, and water depth. Also, fr: use as a 
comparison with the laboratory data, the oxidation reduction potential 
was taken in the field using an Orion pH meter as descriher telow. The 
sampling device used to take the cores was a two inch diameter poly- 
vinyl chloride (PVC) hand corer. Samples were sealed in the field. 
However the water contents were probably affected by the inabil<ty 
to get a good seal for the core tubes. A water sample taken just 
above the sediment-water interface was also collected for most sites. 
In the laboratory, the oxidation-reduction potential (Eh), pH 
and the water content were taken immediately on the surface sediments 
from every core. They were then resealed and stored in a refrigerator 
overnight to minimize the changing of the physical and chemical properties 
of the sediments. Alsc performed at this time was the test for pH, 
Eh, and salinity of the water sample collected. The pH arid Ch were 
done as described beiow and the salinity was performed using an optical 
Salinometer. Over the next couple of days, each core was axtruded, 
described and tested for the chemical oxygen demand (C.0.0.) ard its 
grain size. The volatile solids test was run on the drieu sediments 
from the water content analysis. Also ‘one on euch core was an Eh 
profile of the top 3° centimeters when each was extruded. 
The dissolved oxygen (D.0.) was taken on the water just above 
the bottom sedinents. This test was dene to see if there 3s oxygen 
available in the water for the sediment. 4 Y.S.]. meter and prcbe 


were used and the measurements done in situ. 


The oxidation-reduction potential (Eh), which is the first test 
done upon getting the cores back to the laboratory, was performed using 
an Orion pH meter using a platinum electrode. The electrode was lowered 
into the core and immersed in the surface sediments before the cores 
were extruded. After extruding the core, at a later time, the Eh was 
read at four centimeter intervals down the core length to a depth of 30 
centimeters. 

Th pH, which is a measure of acidity or alkalinity of the 
sediment, is done using a Beckman pH meter with a glass electrode and 
a calomel reference electrode. This is the second test done immediately 
after the cores are returned to the laboratory again before they are 
extruded. 

The next test done upon returning to the laboratory and before 
the cores are resealed ani stored is the water content analysis. This 
is done by weighing a sample scooped from the surface sediments, drying 
in an oven at 105° C for 24 hours and reweighing (Bowles, 1970). 

After the cores were extruded, a physical description was done 
on each core including a color classification using the Munsell Color 
Chart (Appendix I). The chemical oxygen demand was then run as described 
by Standard Methods (p. 510-511) using a one gram sample, 25 mls. of 
potassium dichromate, 25 mls. of HoS0, mixed with AgS0q, and about one 
gram of HgSOg. This was then heated and refluxed for two hours. 

The volatile solids analysis was done also as described by 
Standard Methods (p. 534-535). It involved heating the dried 
sediments from the water content test to about 600° C for one hour and 


reweighing. It is heated to 600° C to drive off the volatile matter 
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and produce an ash residue. 

The last test done was the grain size analysis since it is not 
affected by time. This was done as described in Bowles, 1970, using 
the following sieve numbers: 4, 10, 20, 40, 60, 100, 200. | 

All the tests were done on each core except the grain size 
analysis for which all three cores from a site were combined and 
treated together. The surface sediments were used for all analysis 
except the dissolved oxygen. The surface sediments consisted of 
approximately the top 10 centimeters or where the surface layer ended 
as seen by opening and describing the core. The combining of all three 
cores for a grain size analysis is done since the areas are not 


homogeneous and a representative sample is wanted. 


PRESENTATION AND DISCUSSION OF DATA 


The data presented are means for each site except the six sites 
for which only one core was taken. They are broken down into two groups: 
sediment data (Table 1), and bottom water just above the sediments data 
(Table 2). The complete data is presented in Appendix II. The grain 
size information and core descriptions are found in Appendix I. 

The only site that shows an excess of organic matter and is above 
the EPA standards is 4-16S. This is one of the sites where only one 
core was taken, but the sediments of this area did not appear to be . 
patchy. This site is right off a creek which has an industrial 
sewage treatment plant near its mouth. The effluent is not mixed 
as is the case in the two sewage treatment plant outfalls in areas 
1 and 2. In addition to the poor mixing, there is a mangrove area 
obstructing the mouth of the creek further impeding mixing and aiding 
in the settling of the organic matter. No other site shows pollution 
by the EPA C.0.D. criteria, but three other sites, 3-3, 3-9 and 4-16, 
show that they contain greater than six per cent volatile solids. 

Two of these are in the isolated Mosquito Lagoon and one is near the 
poorly mixed effluent at site 4-16S. The EPA appears to be the only 
one which uses the C.0.D. and volatile solids as a pollution criteria. 

The pH of the sedinents showed little significant differences 
over the entire study. The salinity is seen to have little effect on 
the pH. The amount of organic matter present as indicated by the 
chemical oxygen demand (C.0.D.) and the total volatile solids tests 


also shows no effect. The Eh also is seen to have no effect (Figure 4). 


Site pH Eh(mv) 
1-2 6,682 +144.2 
1-6 6.625 - 97.2 
1-8 6.710 + 51.7 
1-11 6.64) - 66.2 © 
1-11S 6.664. - 26.7 
1-15 6.554  -321.7 
1-19 6.572 ~236.7 
1-20 6.539 -316.7 
1-23 6.755 ~ 90.0 
2-1S 6.682 -116.7 
2-1] 6.551 - 53.3 
2-2 6.724 =216.7 
2-9 6.551 - 23.3. 
2-17 6.488 -113.3 
2-24 6.501 ~173.3 
2-30 6.496 -190.0 
3-3 6.635 ~375.0 
3-7 6.625 ~366.7 
3-9 6.647 ~293,3 
3-12 6.625 -366.7 
1-26 6.533 -450.0 
1-298 6.567 -570.0 
4-12 6.724 -290.0 
4-16 6.692 ~-320.0 
4-16S 6.767 -370.0 
4-18 6.718 ~350.0 


ND - No Data Taken 
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TABLE 2 


Bottom Water Data 


Salinity(ppt) 
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’ Figure 3 
VOLATILE SOLIDS AND C.0.0. VS. SITE 
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The data in Figure 4 agrees with previous work done on marginal marine 
sediments (Baas Becking, et al., 1960). Figure 4 shows a close 
resemblance to this information and tends to characterize these 
sediments. Work done by Baas Becking, at al., was for 640 data points 
from around the world. Both show very little change in pH with Eh. 

The slight differences that are present in the pH data could be due 

to daily fluctuations fron the photosynthesis cycle since the data 

was collected over the course of a day. The pH of the bottom water 

is seen to be for the most part just a little higher than the sediments 
just below them. They are very close as expected, however. 

The dissolved oxygen (D.0.) showed some significant differences, 
but these were due to specific reasons and not the amount of organic 
matter present. All sites appear to have enough oxygen available to 
the sediments for decomposition of organic matter. The site with a 
low D.0. is 4-18. This value is due to the amount of Manatee grass 
decaying in those waters. The highest value at site 2-1S is due to two 
factors: 1) the high amount of plants growing there and 2) the day the 
data was taken it was stormy and the water was well mixed. This would 
affect the D.0. of the water, but not the sediments immediately. 
Another high value at site 1-8 was due to a more than average amount of 
green plants growing there. Most of the other differences in values is 
due to the daily fluctuations, the different weather conditions under 
which the data was taken, and the varying amount of green plants such 


as Cymodocea manatorum (Manatee grass) and Diplanthera (Shoalgrass). 


The Eh is an important factor to the overall picture of the 
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sediments. The amount of mixing is important to Eh. The surface 
sediments are usually positive, but in most cases this layer was so 
thin that it was not measureable in this study or was lost in sampling. 
The grayish olive color is representative of thin oxidation layers 
(Nelson, 1972). There were significant differences of Eh between sites. 
Only two sites (1-2 and 1-8) were positive. This was due to a thicker 
than normal oxidation layer. One problem with the Eh data is the method 
of obtaining them. The values recorded in the laboratory did not always 
correspond with the values obtained in the field. This was partly due 
to the leakage problem previously mentioned. This allowed oxygen to cet 
in and make some values less negative. Eh can be used to teil the state 
of the sediments with respect to whether they are being oridized or 
reduced, but is not reliable enough to say that an area with an Eh of 
-500 mv is more reduced than one with -450 mv. It is seen that 
whenever the Eh is around -300 mv or below, the volatile solids are 
above 2.3 per cent, but the lowest Eh does not necessarily correspond 
with the highest volatile solids per cent. Once you go below the 
surface, the sediments become definitely negative and remain so down 
through the core often going to -500 mv. | 

The C.0.D. and the volatile solids together give an indication 
of how much organic matter is present. For the most part, the ¢.0.0. 
and volatile solids go up and down together with good correlation 
(Figure 3). The four highest in that figure are in Mosquito lagoon 
and couid be due to the isolation of the area. Since the area is more 
isolated, there is not much dispersion. As for the corre aticn 


presented in Soule and Oguri, 1974, the data obtained dnes not agree 


with the given formula. A regression analysis was conducted witr the 
result of the following equation: 

T.V.S. (% dry wgt.) = -1.86 + 4.88 (C.0,0. % ary wat 
A graph of this data and that of the equation presented in Snuir and 
Oguri, 1974, is seen in Figure 5. The equation presented by the above 
authors is an empirical formula arrived at by the Ervironmental 
Protection Agency. As seen by the data presented in this paper. 
this formula is not acceptable for all sediments. 

A graph of sites versus volatile solids (Figure 6) is presented 
breaking down the graph into three parts. These are 1‘ sites near 
land (less than 2500 feet) 2) sites near center of river, (greater than 
2500 feet), and 3) isolated sites near land in Area 3. This shows that 
there are more volatile solids near the center of the river thar nea: 
the shore. This could be due to the fact that the volatile solids are 
usually finer grained and therefore are carried farther away from shore. 
The isolated area 3 sites are probably higher due to less motion of 
the water and the predominant Easterly wind in the area. The Intra- 
coastal Waterway which is the deepest part of the lagoonal system, 

3.5 meters, does not appear to have an «ffect on the amount of crqanic 
matter present in the sediments. 

The water content, though not an exact value, showed an increase 
in most cases when the volatile solids increased (Figure 7). Also as 
the sediments got finer than normal, the water content increased. 

A araph of Eh versus Volatile solids ‘Fiqure ®&) shows that there 
appear to be limits that when reached have little affect on the Eh. 


For instance as *he volatile solids go over about 3.5 per cent, “he 
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rh becomes more negative very slowly. As the volatile se’ide cocrease 
below about 1.5 per cent, the Eh is seen to rise very quickly. This 
is to be expected since past a certain point, the sediments bec ome 
overloaded with organic matter and a little more wi’] not have ar: 
immediate affect. Also below a eertain level there is not enough 
organic matter present to cause a reducing environment. 

Most of the study area was shown to be non-homogeneous. Looking 
at the raw data (Appendix II) and the arithmetic means, this was evident. 
This is why using the means is the only way to get a representative idea 
of a particular site. The non-homogene ity though, caused some -esults 
to appear worse than they should. A good example of this is the volatile 
solids test from site 3-9 (Appendix II). For both the C.0.P. and the 
volatile solids test, if the sample selected has a clump of organic 
matter, the result would not be representative and would be much hicher. 

The sediments at a1] sites were seen to be fine uniform sands 
(Appendix I). The amounts of silts and medium sands varied, but in all 
cases was less than 10 per cent for each. The amount: of silt was seen 
to increase a little when the amount of organic matter increased as is 
seen clearly by site 4-168. Sediment color also shales Shek there is | 
not an excess of organic matter present in the areas studied. The few 
sites with the black (SY 2.5/1 and 5Y 2.5/2) do show patches of higher 
concentration of organic matter. The pale brown (10YR 6/3) found in 
some areas is probably wind-blown sand from the land. The olive aray, 
seen just below the surface in the reducing environment, is probably 


caused by the reduction of free iron compounds. (Nelson, '377°, 


2 
CONCLUSIONS AND RECOMMENDATIONS 


The objective of this investigation was to look at whet aftect 
the two sewage treatment plants had on the Indian River. Although none 
of the variables looked at proved to be reliable parameters by them- 
selves, it is seen from the data that the North and South Titusville 
sewage treatment plants do not have any more of a negative affect on 
the sediments of the river than other sources of nollution (Fiaure 3). 
The effluents from these two plants are dispersed well ant hand’ ed 
by the river's natural self-purification process. In contrast, the 
core taken in area 4, where the dispersion is slight and flow is 
obstructed, shows a marked increase in volatile solids and chemical! 
oxygen demand. 

Other than the site near the outfall in area 4, the two points 
with the higher than normal volatile solids and therefore organic matter 
is in an isolated area, the Mosquito Lagoon. This points out that the 
major sources of organic pollution must be land runoff and natural 
sources and not treated sewage effluent. Also that the amount of 
movement in a body of water and the dispersion of organie¢ matter are 
important as long as oxygen is available. 

The Environmental Protection Agency equation presented in 
Soule and Oguri, 1974, for a relationship between volatile solids 
and C.0.D. is not necessarily true for all marine sediments. This 
is shown by the data presented in this study. 

In future studies of this type it would be helpful if several 


other areas of study were looked at simultaneously to get a better 


overall picture. These being the effluents from the treatrent plants 
and the water above the sediments. Also it would be helpful if the 
dispersion of the effluents were studied such as how far and in what 
direction the effluents travel. . 

To help solve the problem in area 4, this author recommends the 
opening of the mouth of the creek in question by removing some mangrove 
Ares or better yet extend the effluent pipe out so it empties 


directly into the river. 
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KEY TO GRAIN SIZE AND CORE DISCRIPTIONS 


5 


Color Code (Munsell) Soil Classification Code 

2.5 Y 6/2 Light Brownish Gray S$ Sand 
5 Y 2.5/1 Black FS Fine Sand 
5 ¥ 2.5/2 Black M Silts 
5 Y¥ 3/1 Very Dark Gray C Clay 

Y 3/2 Dark Olive Gray | MS Silty Sand 
5 Y 3/3 Dark Olive - SM Sandy Silt 
5 OY «4/1 Dark Gray L.SH Little Shel] 
5 Y 4/2 Olive Gray (darker) 


5 6Y S5/) Gray 
5 Y 5/2 Olive Gray (lighter) 
5 Y 5/3 Olive 


5 Y 6/1 Light Gray to Gray 
5 Y 6/2 Light Olive Gray 
5 Y 7/1 Light Gray 

5 6Y 8/1 White 


10 YR6/3 Pale Brown 


All sediments are a fine grained sand unless otherwise 
noted. . 
The numbers in the rectangle are the Eh values and the 


lengths are in centimeters. 
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Advisor Signature 


A STUDY OF THE CIRCULATION IN THE LAGOONS 
ENCOMPASSING CAPE CANAVERAL, FLORIDA 


Richard Dill, M.S. 
Florida Institute of Technology, 1974 


The hydrodynamics of the Indian and Banana Rivers and Mosquito Lagoon, 
surrounding the John F, Kennedy Space Center, Florida, is the object of this study. 
Data gathered from surface current measurements made with simple current 
crosses are compared with measurements of the wind field over each lagoon under 
varying meteorological conditions. | 


Steady-state and time dependent mathematical models are developed and pre- 
dicted current velocities are compared with measured values. Extensive discussion 
is given to the previous work of other investigators in attempting to determine 
values for such ill-known quantities as eddy viscosity coefficients, dynamic rough- 


ness length, wind drag coefficient and bottom stress. 


The circulation in these shallow lagoons appears to result from a combination 
of wind stress and slope currents, Tidal and Coriolis forces seem negligible. Cal- 
culations of theoretical surface current velocities under pure wind stress conditions 
compare reasonably well with measured current velocities. However, recommenda- 


tions are made concerning specific areas of requisite future investigation. 
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INTRODUCTION 


Man's interest in and use of estuaries has been well established 


in the past decades. With much of the world's transport done by ships 


and its many industrial complexes requiring access to coastal water bodies, 
population growth has thus increased tremendously near coastlines. More 
than forty-five per cent of the populace of the United States and seven 

of the world's ten largest urban areas are situated in coastal areas. 

With the increasing use of estuarine waters for a multitude of purposes, 
it has become vital for environmental protection and for the assessment 

of the proper use of these waters to. understand more completely the phy- 
sical and biological processes related to these nearshore waters. 


In the past, the major interest in estuaries has been primarily 


biological, resulting in a notable lack of literature on-specific estuary 


circulation processes. An even more apparent lack exists of synoptic field 
measurements in testing the accuracy of theoretical predictions of natural 


circulation phenomena. This disparity of field work has apparently been 


mainly due to a lack of proper funding because of various economic factors. 


The main factor is the high cost involved in Seating an accurate , de- 
tailed description of such a large body of water, while another factor is 
the seemingly low, short-term return of such an expensive study. To date, 
there have only been a handful of detatiled studies done on various estu- 


aries; notably, the Chesapeake Bay and its tributaries (Pritchard (Lauff, 


al 


1967), Hansen and Rattray, 1966); Alaskan, Canadian and Norwegian fjords 
(Rattray and Saelen (Lauff, 1967))3 the Columbia River, USA (Hansen, 1965); 
and the Mersey Estuarv, England (Hansen and Bowden (Lauff, 1967)). It 
will later be seen that none of these estuaries exhibit the same charac- 


teristics as those under consideration in this paper. 


DEFINITION AND CLASSTFICATION 


The most commonly accepted definition of an estuary from a dy- 
namic viewpoint has been expressed by Pritchard (Lauff, 1967): "An estu- 
ary is a semi~enclosed coastal body of water which has free connection 
with the open sea and within which seawater is measureably diluted with 
fresh water derived from land drainage." It should be noted that this 
definition limits the estuary to the landward limit of salinity intrusion, 
thus possibly not including the entire body of water under consideration. 
Also note that Pritchard sought to imply that the tide was always a driv- 
ing force when he included the "free connection" restriction (Kinsman, 
1965p). There are further definitions based on geomorphology and blolog- 
ical considerations, which give rise to the question of the difference 
between a lagoon and an estuary. For example, Webster's Dictionary de- 
fines a lagoon as: "A shallow sound, channel, pond or lake near or com- 
municating with the open sea." 

Caspers (Lauff, 1967) has distinguished between these two types 
of water bodies based on biological considerations. He states that a 
stable body of brackish water is a lagoon, whereas a basin that shows 
periodic changes in the mixing of fresh and marine waters is an estuary. 
Although this definition relies on the analysis of a hydrological feature, 
e.g. the instability of salinity, it is precisely this stability, or lack 
thereof, which determines an estuary's biological features. The environ- 
mental conditions in the brackish water lagoon are relatively stable, 
whereas the euryhaline conditions of an estuary restrict the population 
of organisms to only those that are adaptive to fluctuating environmental 


conditions. 


Johnson (1919) has gone as far as differentiating estuaries from 
lagoons by the influences of peological coastline development. Emery 
(Lauff, 1967) states that lagoons are typical of areas where continental 
shelves and coastal plains are wide and nearly. flat because lagoons have 
been long-conceived as being caused by the marine deposition of offshore 
bars in areas of low relief. Estuaries, on the other hand, are related to 
continental shelves and coastal plains that are arron and of high relief, 
mainly because they are formed by drowned river valleys, glaciers and 
other tectonic processes, | 

Estuaries have been classed using various systems. Pritchard 
(Lauff, 1967) classified estuaries by geomorphology as follows: 

1. Coastal vlain estuaries (drowned river valleys) are of gently 
sloping bottoms, whose depths uniformly increase towards the mouth (having 


been cut by erosion), and often show a dendritic pattern. Examples: Ches- 


. apeake Bay, USA and the Thames , Southampton Water and Mersey Estuary in 


England. 

e. Fjords, characterized by U-shaped cross sections, have deep water, 
steep sides, and sills of terminal glacial deposits at their mouths. 
Examples: Sogne Fjord, Norway; Silver Bay, Alaska and Alberni Inlet, 
British Columbia, Canada. 

3. Bar-built estuaries, which have been the result of marine depos- 
ition of offshore bars that have risen above sea level, are characterized 
by being elongated parallel to the coast, having extensive lagoons, large 
width to depth ratios, reduced tidal inPinense: and usually several inlets 


providing exchange with the open sea. Examples: Pamlico Sound, North 


Carolina; Vellar Estuary, India and the Laguna Madre, Texas. 


4, Tectonically produced estuaries primarily compose this u-teyor'’, 
which serves to include all those estuaries that do not fit easiiy else- 
where, but specifically include those produced by faulting, subsidence 
and volcanic activity. Example: San Francisco Bay, California, USA. 

A classification system based on the salinity distribution of an 
estuary has also been formulated (Pritchard, 1955, Pritchard and Bowden 
(Lauff, 1967)). It should be noted, however, that this system is only ap- 
plicable for coastal plain and fjord estuaries, thus excluding entirely 
bar-built estuaries. The four main types of estuaries are delineated ac- 
cording to their degree of salinity stratification as follows: 

1. Highly stratified estuaries, in which the river flow dominates 
the circulation, thus producing a bottom "salt wedge" of seawater, are 
mixed only near the fresh water-salt water interface by turbulent entrain- 
ment. Examples: Mississippi and Vellar estuaries. 

2. Fjord estuaries are also highly stratified, exhibiting a deep 
saline bottom layer which is due to a restriction in circulation caused 
by the shallow sill. Mixing is usually limited to the upper layer only, 
again with entrainment as the major cause. Examples: Sogne Fjord and 
Siiver Bay, Alaska. 

3. Mocaerately stratified estuaries (partially mixed) have greater 
mixing which is caused by a larger tidal flow that results in increased 
turbulence. Most coastal plain estuaries are of this type, exhibiting a 
gradual increase of salinity seaward and with depth. Example: Chesapeake 
Rav. 

>. Vertically homogeneous estuaries (which are usually subdivided 


into laterally inhomogeneous and sectionally homoeenecus) result. from 


extreme tidal mixin. Examples: Delaware Bay and Mersey Estuary 

It should be noted that these piaserKicaties systems aro ul= 
tempting to facilitate a better definition of estuarine circulation sad 
to organize and classify these natural water bodles into specific groups. 
In so doing, several problems have risen at the expense of solving other 
difficulties inherent in the classification systems. For example, several 
Avasetesaene tay apply to the different regions of the scne estuary and 
various apPhopieies have had to modify the previous classifications to fi. 
their particular water body. In one specific instance, Overland (1972) 
places the bar-built, wind-dominated estuary into category (4) above, to 
be classified as a vertically and laterally homogeneous estuary. This 
can be seen as an attempt in expanding this classification system to in- 
clude the wind-dominated estuary which may exhibit little or no tidal 
mixing. 

Lastly, Ippen and Harleman in 1961 (Dyer, 1973) developed an 
’ expression, termed the stratification number, which classifies an estuary 
by the amount of energy lost by the tidal wave relative to the energy used 
in mixing the water column. Hansen and Rattray (1966) have also developed 
a stratification-circulation diagram which utilizes two dimensionless 
parameters in characterizing estuaries. Like mst classification systems, 
theirs neglects the importance of wind effects on circulation, which must 


be accounted for in shallow estuaries, especially of the bar-built type. 


ARMA OF STUDY 


The larpoonal estuaries under consideration form one of the prin- 
cipal water resources of bade central Florida on the Atlantic Coast: of the 
United States. Their proximity to the Kennedy Space Center and use as an 
integral portion of the Intracoastal Waterway Sesteit add to their inpor- 
tance. This lagoonal system, consisting of Mosquito Lagoon (or Indian 
River Lagoon) to the north, the Indian River to the west and the Banana 
River to the south, has open connection with the Atlantic Ocean via four 
inlets and the locks at Port Canaveral (see Figure 1). Thus, these waters 
are saline, but there is a significant amount of fresh water entering the 
lagoonal system from land drainage to give them the brackish water typical 
of estuaries. They are all typical of the bar-built estuaries of the 
Southeastern United States and Gulf of Mexico coastline. 

‘Man's activities have significantly affected the character of 
these water bodies, converting them from a group of casually related la- 
goons into a series of segnrented, interacting estuaries. Even if we ig- 
nore the changes caused by land urbanization, the construction of nineteen 
bitidge and causeway systems ePosstne these lagoons have greatly segmented 
these water bodies. Moreover, the construction of Haulover Canal has 
“established direct communication between Mosquito Lagoon and the northern 
extreme of the Indian River, whereas the construction of the railroad Line 
Lo the Kennedy Space Center and the Saturn V Crawlerway have completely 
severed the natural connection of the Banana and Indian Rivers. Addition-. 
ally, the Canaveral Harbor and Barge Canal have provided yet another un- 


natural link between the Banana and Indian Rivers and the ocean, although 
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RUURE 1, Lagoons of Fast Central Florida 


this is not a completely free connection due to the presence of locks. 
The man-made inlet at Sebastian also provides another important river to 
ocean connection. 

For this study, these waters were divided thito four major areas, 
based upon geographical considerations (refer to Mgure 2). Area I is the 
Indien River between the Oreina Caiiséway (NASA Parkway) and the Titusville 
Causeway (Hwy. 402), including Banana Creek to the east as far as its 
connection with State Road #3. Area II is the Indian Rive north of the 
Titusville Causeway. Area III is Mosquito Lagom, although sampling was 
limited to the southern area from Haulover Canal to the extreme south tip 
of the lagoon. Area IV is that part of the Banana River north of the 
Bennett Causeway (Hwy. 528 and ALA) and Port Canaveral Harbor to its 
northernmost point near Pad 39A of the Kennedy Space Center. 

These lagoonal estuaries are free of any tidal influence to an 
accuracy of 0.30 centimeters as reported by the Intracoastal Waterway 
Chart (845-SC) and by personal communication with Mr. C. Thurlow of NOAA's 
Tidal Branch, Washington, D.C. This appears quite justifiable if it is 
noted that the closest free connection to the sea to the south is Sebas— 
tian Inlet at fifty miles (80 km) distant. Furthermore, any tidal effects 
of Ponce de Leon Inlet, twenty-five miles (40 km) to the north of the 
Mosquito Lagoon entrance to Haulover Canal, are damped by the narrowness 
of the only connecting deep link which is the dredged Intracoastal Water- 
way channel. Because over 50% of Mosquito Lagoon is less than two feet 
deep, it acts a final inhibitor of possible tidal effects. 

These bar~built estuaries are all very shallow. The greatest 


depths. are the dredged areas (see Figure 3), especially the Intracoastal 
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Waterway channel which is reportedly dredged to about three and one-half 
meters, but has been sounded by the author to depths of at least six me~ 
ters. Nevertheless, most of each lagoon has water depths equal to two 
meters or less. The presence of bottom growth, especially long grasses, 
over most of the observed bottom, impedes water flow and further increases 
frictional effects. These grasses may reach heights of one-half of a 
meter from the bottom. 

W. M. Cameron and D. W. Pritchard (1963) have stated that "the 
relatively great width and small depth of such systems [bar-built estuar- 
ies] permit wind-induced currents and wind tides to provide the major 
mechanism for movement and mixing of these estuarine waters. No adequate 
dynamic description of this type of estuary has yet been produced, and, 
in fact, this type of estuary has probably received the least systematic 

| attention." With this in mind, the hydrodynamic sampling of the four 


study areas was undertaken as related in the next section. 
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: FIGURE 3 


Bathymetry of Cape Canaveral Lagoons 


Intracoastal Waterway (e#sseseauwes) dredged to 3.5 meters 
Depth in meters 
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SCRIPTION OF FIELD WORK 


‘ 

The sampling was carried out In conjunction with an Eeo o.oo 
Raseline Study of the Kennedy Space Center environs, performed by FPlovida 
Institute of Technology under NASA Grant No. 10-015-008. It was vinteed 
to certain restrictions as dictated by the modus operandi of the biolopi- 
eal sampling vedulrementa. However, Sites were chosen with regards to 
covering the entire area and special sites were occas ionaliy odaptas re to 
the normal sampling schedule. | 

It. was felt desirable that the measurements should be taken 
within is short a time span as possible, in order to formulate an accurate 
picture of the current field of any lagoon at any "instant" in time. Thus, 
‘two to four small boats were used in sampling one area at a time. This 
meant. that it normally took two to three hours to completely sample any 
one avea, espectally when the biological sampling was heavy. In this way 
any variations in wind magnitude and direction were held to a minimum as 
. much wis possible. llowever, 1t should be noted that many cases arose of 
he wind shifting: velocity considerably throughout the sampling period. 

The sampling procedure was as follows. The small poat was se- 
curely anchored at the designated sampling point (which is usually located 
through a combination of visual reference to landmarks and experience gain- 
ed by having previously sampled the area). The current velocity was mea~ 
sured In-a Lagrangian fastiion using aluminum crosses suspended one-half 
meter below a plastic bottle half-filled with water. The current crosses 
weve Lout inches. high and had two 36-inch perpendicular vanes (see Figure 


4H). ne crosses were hand-released from a point downcurrent of the boat 
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and the time noted. Meanwhile, the wind menitude = Measured (in mph) 
at a standing height of one to two meters above the water using a hand- 
held wind meter (pocket tube type manufactured by Dwyer Instruments , Inc. 
of Michigan City, Indiana). The wind direction was measured using a hand- 
held compass. After approximately five minutes had elapsed from the time 
that the current cross was placed in the ies (during which time the bio- 
iogical sampling was normally doe). the current cross direction was noted 
using the compass and its distance from the release point measured (in 
feet) with a field range finder (manufactured by Edmund Scientific Company 
6p BainpeG New Jersey). The total elapsed travel time was also noted 
simultaneously with the distance measurement. Thus, the speed of the cur-- 
rent could be calculated using its known travel time and distance. Fin- 
ally, the air and water temperatures were taken and any unusual meteoro- 
logical conditions noted, such as rain, erratic wind shifts and gustiness, 
etc. The current cross was retrieved and the boat moved on to its next 
sampling site. The average on-station time was about fifteen minutes per 
sample site for an experienced crew. After sampling all sites, the data 
were gathered from the boat crews, tabulated, reduced and plotted as seen 
in Charts 1 A-T of the Appendix. | 

Among the many procedures that had to be modified, the follow- 
ing are most noteworthy. The unrestricted lateral movement of the boat 
on its anchor became very apparent when more experience was gained in 
sampling. Althcugh the boat lay generally with its bow into the wind, it 
would swing as much as thirty degrees to either side, thus giving false 
current velocity readings. This problem was solved by using a second 
anchor from the stern in keeping the boat tautly secured between two 


poim:. 
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It was also found that the best. distance at which to measure the 
cross is between 20-Ho feet, mainly due to the inherent characteristics of 
the optical rangefinder. Due to the fact that it involves the use of a 
logarithmic scale, any slight error in measuring over 40 feet is compounded 
by this scale in producing inaccuracies as large as 20% of the total dis- 
tance. | 

It was determined that the best way in which to measure wind 
direction ‘as to face into the wind and measure the direction perpendicular 
to the wavelets and ripples. Although the wave crests are not necessarily 
perpendicular to the wind, this does give a good approximation. - Direction 
in very light winds was determined by holding up a pieve of tissue and 


noting its movement. 
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THEORETICAL CONSIDERATIONS | 

The set of equations expressing the basic principles of circu- 
lation in an estuary are the well-known Navier-Stokes conservation of mo-- 
mentum equations for viscous flow of an incompressible fluid. In their 
more common form, they are called the hydrodynamic equations of motion and, 
when coupled with the continuity equation (mass conservation equation) and 
the proper boundary conditions and assumptions, they may be made mathemat- 
ieally tractable for solving several special circulation phenomena. It is 
stressed, however, that in their pure form, they are presently unsolvable 
due to the fact that they are nonlinear, partial differential equations 
with non-constant and poorly understood coefficients. Because these equa- 
tions have been previously derived many times, only a cursory explanation 
of them will be given herein before proceeding to make further simplifica- 
tions as applicable to the estuaries under consideration. 

The mass continuity equation is derived from the fact that the 
change in mass in a fixed volume of fluid must be balanced by a correspon- 


ding change in density within the volume. Explicitly, this is 


dp , fa. 4 a 4 awl . (1) 
Je Plog og oe 

where p = density 
t = time 


u,v ,w are velocities in the x,y,z directions respectively. 


This can be further simlifiied for the case of an incompressible fluid for 
which do/y = O . Since the compressibility of water is very small, the 
continuity equation can be approximated by 


OU, Ona ON, cas (2) 
ox 7 by Tz =n, . 
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This is a statement that the flow field is non-divergent. Note that, even 
if the density of a fluid particle is varied by changes in salinity and 
temperature, equation (2) is assumed valid (the Boussinesq approximation). 
The equations of motion state that the acceleration of a fluid parti- 
cle is proportional to the sum of the applied ponees © Assuming a left-hand- 
ed coordinate system with the z-axis positive downward and the z = 0 plane 
coinciding with the undisturbed free water surface, the instantaneous equ- 


ations are, for incompressible flow, 


ou ets Pee PTW ocd 4 aP LL [aa 2 2 
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and the pressure force assumed hydrostatic in the vertical ylelds 

Rene oP 
0 —— Sz = PS» (5) 


where U,V,W, P yt are as previously defined 
p = pressure 
= gravitational acceleration 
f = Corlolis parameter = 2wsin ¢ 
where G) = angular velocity of the earth 
g = latitude 
L. = the dynamic molecular viscosity coefficlent . 

In equations (3) and (4) the first term on the left of the equal 
sign is the time rate of change of momentum at a specific location (also 
called the local time derivative). The next three terms are the non-lin- 
ear field acceleration terms expressing the advection of momentum. The 
first term to the right of the equal sign is the pressure force term; the 


next term is the Coriolis term which 1s due to a rotating earth; and the 
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last tern is a viscous frictional term. 


These equations are mathematically intractable without further 

assumptions (note that incompressible flow was already assumed; that is, 
dp = 0). Although most of the assumptions and simplifications can be 

reasonably supported, there are some compromises made simply in order to 
be able to apply implicit mathematical solutions. It showld be noted, 
however, that the object of this is not an attempt to seek specialized 
solutions of the equations of motion as pertaining to the estuaries under 
study. Rather, it is an effort to use mathematical analysis to obtain a 
more complete conception of the eeniaenon phenomena that were actually 
observed and measured. | 

The first assumption is that any horizontal velocity shears are 
so small as compared to the total field of motion that they can be ne- 
glected. Pritchard has noted that the inertial terms are small as com- 


pared to the pressure force and eddy stress terms (Kinsman , 1965p, p. 69). 


This allows the nonlinear field advective terms to drop out. Note that — 


there is no measurable tidal motion necessitating inclusion as an external 


‘driving force, which is contrary to the conditions found in most coastal 


plain and fjord estuarine types where tidal effects are most apparent in 
forming stratified flow and resultant velocity shears. 

The next assumption is to neglect the viscous force terms in 
the horizontal direction. It has been stated by Pritchard that the only 
viscous force term of significance is the vertical one (Kinsman, 1965b, 
p. 68). Although this assumption is admittedly weak, most authorities 
have also had to make it in attempting any solution to the equations of 


motion. Neumann and Pierson (1966, p. 412) state that: In general, the 
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mean quantities vary most rapidly in the vertical direction, co that these 
theorles are mostly concerned with the vertical fluxes of momentum...” 
Overland (1972) also states this more firmly with the following discussion 


concerning estuarine modeling: 


The present limit of models neglects the iorgiw.dina: 
and vertical variations of salinity and reduces the three-dimen- 
sional system to one or two dimensions by spatial averaging. 
In principle, this limits prototypes to tidal rivers and verti- 
cally homogeneous estuaries with weak horizontal salinity gra- 
dients. If they [the estuarine models] are applied to estuaries 
where there are velocity shears and substantial concentration 
variations within the averaging interval, as in a partially- 
mixed estuary, there is an effective diffusion [diffusivity] in- 
crease due to the spatial or temporal averaging. 


Note that the three lagoons in this study appear to fit Overland's ver- 
tically homogeneous prototype. Charts 2 A-H of the Appendix show the weak 
horizontal salinity and temperature gradients and the strong vertical 
homogeneity exhibited in each estuary (note: data was taken by the author). 
A further assumption is that the Coriolis force term, which ac- 
counts for the inertial effects of a rotating frame, is negligible for 
these water bodies. However, this is to be expected if direct application 
is made of V.W. Ekman's theoretical results for drift currents in a hom- 


geneous ocean (see Neumann and Pierson, 1966, pp. 194-5). He proved that, 


eal 


when the ratio between the water depth (a) and the depth of "frictional 


influence" (D) is very small, the Coriolis parameter may be neglected. 
Using the following equation, 


D = TV sasine ° oi 


'D ds found equal to about 50 meters in middle latitudes, assuming an 
average value of the eddy Wieeesity coefficient (AL) equal to 100 emn/em-sec, 
and a density of one em/om>. Note that A, is an eddy viscosity coefficient 
which will be explained in the following paragraph. With an average depth 
of two meters in the Cape Canaveral estuaries, d/D = 0.04, and Ekman's 
criterion thus easily allows us to discard the Coriolis parameter. 

‘An important modification in reducing the hydrodynamic equations 
to a more solvable form is to replace the viscous force coefficient ({L) 
by an eddy viscosity coefficient (A,). This is an attempt to account for 
" energy exchanges due to turbulent effects such as velocity shearing stress 
(also variously called Reynold's stresses). Much literature has been de- 
voted to these "Austausch" coefficients, their meaning, theory and physi- 
‘eal measurement , hence no attempt is made herein to fully explain these 
terms in detail. One may refer to the following references for a more 
complete description than given here: Sverdrup, Johnson, and Fleming 
(1942), Roll. (1965), Neumann and Pierson (1966) and the TRACOR Report 
(1971). Suffice it to say that this coefficient attemts to include the 
macroscopic effects of turbulence. Therefore, its value is usually very 
much greater than the molecular coefficient of small-scale motions, Ll, 


which 1s on the order of 0.01 gm/cm-sec. 


ee 


In an effort to clarify the Austausch coefficient, L. Prandtl 
introduced a hypothetical, characteristic mixing length (2). This has an 
analogy to the mean free path used in the kinetic theory of gases in that 
it represents the distance that a fluid particle faves normal to the 
flow until it has exchanged its given property with the surrounding fluid 


particles. The Austausch coefficient is defined in terms of this as 


— , 02/ dU, 
A i =pX | 2 em/cm=sec , wal 
where U = the mean velocity in the direction of flow. 


Another important aspect of this eddy viscosity coefficient is 
that it appears to spatially vary, especially with depth. Various esti- 
mates and measurements have shown that the value of this coefficient is 
greater in the turbulent wind- and wave-agitated surface layers than in 
the deeper layers. Its value also increases with increasing wind speed 
(Neumann and Pierson, 1966, p. 195). Nevertheless, for our purposes we 
will assume that A, remains constant, again to simplify the mathematics. 
Any physical validity that we can offer for making this assunption is 
very weak, especially since so little is actually known about this eae 
ficient. One should note, however, that the shallow depths encountered in 
these estuaries may give rise to almost constant vertical eddy coefficients 
due to thorough mixing along the entire water colum by the wind. Again, 
the temperature and salinity profiles shown in Charts 2A-H of the Appendix 
show this vertical homogeneity. Further proof of this can be personally 
witnessed in one of the more polluted areas of these estuarles on a windy 


day. It is then that the foul-smelling hydrogen sulfide layer near the 
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bottom (caused by excessive decomposition) is brought. to tre surface by 
thorough mixing. | 

There have been various numerical values given for the eddy 
viscosity coefficient; all are based on empirical formulas. Sverdrup, 
et al. (1942) presents the following table, in which formulas derived by 
Thorade (1914), Taman (1905) and Fjeldstad (1929) appear to be the most 
plausible for our shallow, wind-dominated estuaries. Note that Fieldstad's 
formula implies that the eddy viscosity coefficient decreases toward the 
bottom in relatively shallow water, a conclusion so demonstrated by Sver- 


drup in 1929 (Neumann and Pierson, 1966, p. 196). 


orien apaaie ae ee rca eee ee me a mee ween + 


Locality Layer A, in g/em/sec | A, derived from Authority 
All oceana..........50000- surface * A,=1.02 W? (WW <6m/see)| Thickness of upper | Thorade, 1914 
‘| A,=4.3 WW’? (1¥ >6m/sec)| homogeneous layer | Ekman, 1905 

North Siberian Shelf...... 0 to 60m 0-1000 Tidal currents Sverdrup, 1926 
North Siberian Shelf...... 0 to 60 m 10-400 a” Tidal currents Fjeldstad, 1936 
North Siberian Shelf. ..... 0 to 22m » 385 ¢: xs Wind currents Fjeldstad, 1929 
Narth Sea.......c 0c eee Oto 31m 75-1720 Strong tidal currents | Thorade, 1928 
Danish watera....... 206. Oto lim £1.9-3.8 All currents Jacobsen, 1913 

© Kuroshiow.. oc... eee eee QO to 200m = | 4 680-7500 All currents Suda, 1936 
Japan Sen... cece eee 0 to’ 200 m 150-1460 : All currents Suda, 1936 
Off San Diego, Calif. ..... near hottom | ¢ 93(z -+ 0.02) Tidal currents Revelle and Fleming, ms. 


. Ww ~ 2 tid wvloeity in in/oea. 

bs dintance from bottom in ‘meters. 

«Very great stability. 

4 Very strong currents, 

¢g = dintance from bottom in meters. Formula valid between z © 0.2 and « = 1.3m. 


TABLE 1. Numerical values of the eddy viscosity coefficient CAY) 
as derived from measurements of various SAVER TAEPHOrS (from 
‘Sverdrup, et_al., 1942, p. 482). 
Tt will later be shown that many of the coefficients calculated from these 
various formula do not give similar values for the same wind speed, al- 


though Figure 5, taken from Neumann and Pierson (1966), shows otherwise. 
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FLGURE 5, Comparison of surface eddy viscosity coefficients 
Obtalned as a function of wind velocity using different methods (from 
Neunann and Pierson, 1966, p. 211). 


Neumann and Pierson (1966) also present the following values for 
Ay as a Functiton of wind speed. The first set of values were derived by 
Neumann in 1952 from estimates of the energy balance in waves in a fully 
developed, wind-generated sea. The second set of values were derived by 
Schmidt in 1917 from Thorade's drift current observations in 1914, Note 
that the hetehts of the wind speed measurements are not specifically given, 
althoush if ir nsumed that they were taken at the commonly-used ten meter 


heieh. beressne: should he made to the following TABLE 2. 
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TABLE 2. Comparative values of the eddy viscosity coefficient as a function 
of wind speed 


10 14 15 pes) ae 


PAS 2 Ms A 


382 B77 1360 ~ 2520 


"derived by Neumann (Neumann and Pierson, 1966, p. 195) 
**derived by Schmidt (Neumann and ‘Pierson, 1966, p. 210) 


Now that the peneral assumptions have been made, 1::2 equations 


of motion have been reduced to the following set: 


OU S.A oe Aa ou 
a COCK PO (8) 
AX PY - Paz 


0 =— S$ + pg - (10) 


These equations express the fact that the current structure in our estuaries 
appears primarily the result of a combination of two forces. A drift cur- 
rent is caused. by the wind stress on the water surface and a slope current 
1s caused by the pLlleup of the water by the wind on the downwind side of 
the estuary. This appears to be a quite reasonable assumption, but the 
present forms of these equations still remain intractable for explicit 
solutions and cannot be further simplified without irreparably distorting 
the physical representation of the circulation phenomena present. However, 
jt would do well to try and solve these equations for each effect; that is, 
first for a pure drift current and then for a steady-state drift and slope 
current, in order to ee a better insight into the anemia involved in 


ne probleu. A further comparison with the measured data may then help us 
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to add more to our intuitive picture of what is taking place in tho cir- 


culation in these estuaries (see Analysis of Results section). 
Pure Drift Current Solution 


In this solution it is assumed that the only driving force is 
the wind stress applied to the water surface and the frictional coupling 
between the water layers. Any horizontal pressure gradients are assumed 
nonexistent, which would most probably be the actual state in real time at 
t = 0 (no wind) and the water body in a complete state of rest. Thus, 


equations (8), (9) and (10) are further reduced to 


Paes Az dv 

st OU~«~=S ea (11) 
2 Ay 3° 

me oh ee . 
oP an 

oS. 9a (13) 


When a constant wind begins to blow in the positive x-direction, 
a wind stress Ts is exerted on the water surface. The following boundary 


conditions apply: 


A ou : =‘ 
(1) 74 yz va x 
(44) ular) = O a 
(iii) Ul(z,0) = O - OK<244 
where Te = surface wind stress in the x-direction 
ve = Austausch coefficient 
ad = total water derth. 


e7 
We can see that the equation of motion in the x-direction (11) has a solu- 
tion in the form of u(z,t) = U(z) + U,(z,t) where U(z) is time independent. 
and U.(s,t) 1s Ulme dependent. Dealing with only the time indepen‘ont 
solution, that is OU/ 4. = 0, we find. 


AV = O (14) 
dz* 


Integrating this ylelds a solution U+ Cia + Co = 0 where Cy and Cy are 


constants of integration. Applying the boundary conditions we ind as a 
final steady-state solution 


a Gye “(4-2 


(15) 


This is the expression to be later used in comparing some com- 
puted current values to those actually measured (see TABLE 4). It should 
be noted that the total solution, after addition of the time dependent part, 
is (as also found by Schneider, ar 


URN=-F eck Zz Hye P ‘a cos (254 iz (6) 


d 
where Melee =a) cal 


-+2 [2 z) 008 Ay Zz dz 


AL, may be eet evaluated as 


sat’ Les 
An = oe 


Steaay-State Drift and Slope Current Solution 


The solutions for a steady-state current as produced by a steady 
wind drift current nave been derived many times. Ekman was the first to 
solve for this speetal case, but included the Coriolis term, It is essen- 


tially similar to computations for the piling up of water against coastlines 
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by storm and hurricane surge (Bretschnetder, 1966). For our solution, it 
is assumed that a steady wind Hae Siem continuously in the x-direction, 
thus piling up the water at the far shore while lowering the water level 
at the near shore until equilibrium conditions have been attained. 

For this eeauay eters condition (MAt= 0) the one-dimensional 


_ equations of motion become 


{1 aP Az ou 
=e eet C17) 
P ax Pz’ 
su SP 
Sine + p ca (18) 
The slope of the water surface in the positive x-direction is 
| | aP 
Xen B=+ dz ula ; (19) 
d+ Wz 


Assuming this water slope to be a very small angle with the horizontal, 


tanG—- G4 and therefore, 


om = Lb oP . (20) 
ox oz 
Substituting this result into equation (17) yields 
2 
A. Su __ B2P. is 
Pp az Pp dz 
and simultaneous solution of this with equation (18) yields 
| Ag Aik 
oer ie — Of (22) 


Upon integration of this equation twice with respect to z, the solution 
takes the form 


(23) 


Ap ie) = — BQE 
ae = cee oC ers 
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The two boundary spanciors again ave 
(1) A da =—T: Z=O, 
(it) U(Z) =O: gad. 


We now invoke stationarity, which means that we can correctly 
assume that an equilibrium condition has been reached. This implies that 
all of the water that is being pushed towards the far end of the estuary 
by the wind is somehow returning, in order to keep an equilibrium between 
forces. This means that the net current thoughout the entire water column 
must be equal to zero, or the water would continue to pile up higher and 
higher as ‘ong as the wind continued to blow. Mathematically, this sta~ 
tionarity is expressed as [ Udz= 0. Applying this and our boundary 
conditions to equation (535 ve find that one of the results is Ekman's 


equation for a stationary slope in an enclosed sea with no Coriolis; that 


is, 


ip = 3 
= =e Pgd | ‘ (25) 


As the final slope and wind drift current equation, we find that 


Az ue)=5(4)-(3) gece (26) 
Td 4\d | ee 
This equation implicitly contains an interesting current feature. 
Tt predicts that in the top one-third of the water colum, the current 
flows in the direction of the wind motion. However, this flow is reversed 


in tne bottom two-thirds of the water column (refer to the following Fig- 


ure 6), 
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FIGURE 6. Representation of the velocity distributidn 
over the water colum due to a combination of wind stress and slope 
current forces (adapted from Van Dorn, 1953, p. 252). 


These same results have been theoretically determined by Keulegan in 1951 
(Van Dorn, 1953), Van Dorn (1953) and Hidy and Plate (1966). This can be 
seen as a very real situation when considering the fact that the surging 
water must have some return flow if the estuary 1s to remain in equilibrium. 
Otherwise, the estuary would literally overflow its banks. Quite analogous 
to this is the well~known mechanism of water pile-up due to ocean waves 
breaking on a shoreline and the subsequent return of water to the offshore 
area through a seaward—flowing rip current system, which, in small surf, 
usually lies along the bottam on beaches with flat bottan topography. One 
should refer to ‘TABLE 4, Comparison of Results, in comparing various com- 
puted values of U(z) from equation (15) to those of the pure wind drift 


solution and typical measured values. 
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Additttonal Developments 


Tt presently appears out of the reach of rigorous mathematical 
analysis to formulate implicit solutions to the time-dependent equations 
of motion as expressed by equations (8), (9) and (10). In summarizing the 
developments discussed in the preceeding pages, we have found the current | 
velocity as a function of depth and time for a pure wind drift current, 
and the velocity, as a function of depth only, for a combination of vind 
adrift and slope cuments: Implicit analytical techniques have not yet 
been developed (or, at least, publicized) that aid in solving these equ- 
ations for the current velocity as a function of aanth and time (as mini- 
mum requirements) for a combination slope and wind current. 

However, by no means should one assume that there are no solutions 
to this problem. Non~exact numerical solutions have been obtained for 
tidal estuarles using finite-difference methods coupled with the necessary 
use of high-speed, electronic computers. The camputers are necessary in 
handling the large amount of data and calculations necessary. These meth- 
ods, involving finite-difference applications of explicit, implicit and 
characteristics techniques, require division of the water body into a fi- 
nite number of segnents based on geometry and a knowledge of initial and 
boundary conditions. Several specific parameters such as depth and eddy 
viscosity coefficients must be known functions also. However, this is a 
vast subject in itself and, although it appears no wind driven estuaries 
have been the subject of such techniques, good treatments of this subject 
are found in the TRACOR Report (1971) and Dronkers (1964). The equations 


of motion and continuity must be integrated over one or more of the spatial 


and Genmporal pruvameters for use with these numerical solutions. 


irst, Uhe equation of continuity (1) can be integrated from 


the water surface (C) to the bottom (h). With the use of Ledbnit7' iule 


and invoking the following kinematic boundary conditions for the rigi:i 


bottom and side boundaries and for the surface condition, 


“(a) wh) = u(h) h) 2h a oe 
d 
wo ug) =0E +v a + &. 
(note: the addition of the aK essa a the movement, of 
. the surface with time) 


we find that the vertically integrated general continuity equation has 
the form of 


| 
Spode + af ee + [ede =O. (27) 
< : 


Starting from the Boussinesq form of continuity - and introducing the 


"instantaneous" depth, H (i.e. the total water depth as a function of time, 


or H=h = Ge the form of the continuity equation is 


2% (uO) + ECD) + ail =o, 


(28) 
where U and V are vertical averages of velocities U and V 
In one dimension this equation can be written as 
oH L OOH ou 
St ax tHE =O 


We can neglect the DB term because the ratio of the iy a and Woy 


terms is of the order au , Which is usually <1. 


In a similar fashion; the equations of motion can be vertically 


integrated. Starting with the hydrostatic equation (5), and integrating 
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over Lhe Instantaneous water depth, Il, as before, we find 
Zz ; 
: : 4 , 
i Os ce (30) 


where P = pressure 
Tan atmospheric pressure, 


tow 


Intecration of the sirplifted emiation of mptiorn (2) ts a weome 4h 2 hen) s 
matter. With the use of tere Rule again, we find that the first term 
of’. equation (8); that is, iE Madz , is approximated by H ae where 
U is assumed approximately equal to U( ¢ ). Integration of the pressure 


force term and use of equation (30) ee the a expression 


2 h 
dP SP ig ee HA, aes = . 
cop & + [% 9 sz, (31) 
a where 6 = the spatially ayer Sciaity > (Boussinesq 
approximation) 


Note that the three terms on the right hand side of the equation are the 
pressure forces caused by differences in atmospheric pressure, sea surface 
slope, and density gradients respectively. Except for situations of large 
atmospheric pressure differences caused by such severe meteorological dis- 
turbances as hurricanes and higher density gradients than those typically. 
exhibited in Charts 2 A-H, the surface slope term douieees the equation. 
Integration of the viscous stress term in equation (8) yields 
fu A ul Gok 


j fp dz? Pp oz x p (32) 
where 7, = surface (wind) stress . 
Tp = Stress due to the bottom ¢ 


Note that now the wind stress appears in the equation , as well as the bot- 
tom stress. The latter is further discussed in the next section. Thus, the 


vertically ds pane a motion i has become 
= 9% ae 4 te- ‘oe (33) 
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Thus, numerical solutions may be determined for U = U(x,z,t) and h = h(x,t), 


because we have two equations (29, 33) with two unknowns. 
Bottom Stress 


The integrated equations of motion necessitate inclusion of bottom . 
stress, not unlike the wind stress parameter. Pritchard (TRACOR ne, : 


1971)uses a bottom boundary friction term in the form of 
Y. 
2. 
gu (ue + v*) a 
T= (34) 
ane 
where Cy = Chezy coefficient, . 


which appears to be considered a satisfactory inclusion to the equations 
of motion by authorities such as Harleman, Rattray and Leendertse. Other 
authors simply consider the bottom friction to be some significant per- 
senane of the wind stress. As an example, Ekman (1905) states that, de- 
pending on the conditions, the bottan stress ( Tp) equals from zero to 
one-third of the wind stress ( T,) at the surface (from Sverdrup, et_al., 
1942, p. 490). However, some authors state that the majority of available 
evidence supports the assumption that the bottom stress is negligible. 
Bretsemeider (1966) reports that, from Lake Ghaschabess Florida studies 
done by the U.S. Army Corps of Engineers, the ratio of Ty/ Ts 7 9.1. Van 
Dorn (1953) also found in controlled experiments on an artificial pond 
that the bottom stress was negligible within the accuracy of his instrumen- 
tation (0.1 dyne/em@). Pritchard has elsewhere stated (Kinsran's Notes, 
1965b) that he used the bottom stress results of Lesser (1951) in computing 


his own figures in the work he did on the James River. Sample calculations | 


using the equations and values for 2, aa given by Lesser, coupled with 
random data points from our lagoons , yields T,/ Ts ratios on the order 
of 0.1 also. In addition to this supporting evidence, Deacon and Webb 
(1962) report that results from measurements made by Francis in 1951 and 
1954, Keulegan in 1952, and Hellstrom in 1953, also indicate that Ty may 
be neglected. 

With this is mind, bottom stress was neglected in the theoretical 
considerations of the Cape Canaveral lagoons. Nevertheless, it should be 
understood that this is not necessarily a valid intevoretabion: Factors 
of obvious influence such as the extreme shallowness over much. of the la~ 
goons and the presence of bottom algae and grasses have unlmown effects, 

In any case, one would expect a significant dneneaxs of the bottom stress 
term for both of these factors. Lastly, it is of interest to note that 
Farrer (1958) reported, from wind-tide studies of hurricane effects on 

Lake Okeechobee, Florida, that the bottom stress appeared to significantly 
“Inerease near the boundaries where the bottom is sloping and considerably ~ 


rougher than near the center of the lake where the depth is constant. 
Wave-iInduced Currents 


Another effect to consider is that of the waves on the current. 
It has been shown through considerable research that, generally, there is 
a net mass transport of water by wave action. It is considered a matter 
of fact that there is always some mass transport due to the translating 
"open" orbits of ting water particles during the passage of a wave (Johnson 
and Wiegel, 1959). However, determination of the direction of the or 


transport appears to be yet another source of disagreement. Some 
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researchers have observed that the tractive force of the wind on the water 
surface drags the water particies in the direction of the surface Arift 
considerably faster than the normal mass transport due to normal wove 
action without wind. This was most notably observed in photographs taken 
of marked water particles under the influence of wind waves in a labora- 
tory flume by Johnson and Rice in 1952 (Wlegel, 1964, p. 224). | 
An opposing group of researchers have experiment:.]iy verified 
‘the predictions of Longuet-Higgins' theory for null net transport. ‘his 
theory has two outstanding features. “It both predicts the fact that, in 
relatively shallow water, the velocity along the bottom is always in the 


direction of wave propagation and that the transport is in the opposite 


direction of the advancing waves. 

The findings of many investigators have tended to prove one or 
the other of these two theories. In order ra better illustrate by example 
the contradictory nature of both theorles, the following Figures 7, 8 and 
9 are presented from Johnson and Wiegel (1959) and Wiegel (1964). 

In order to show a general order-of-magnitude for a wave—induced 
current, as predicted by Figures 7 and 8, in comparison to a measured wind 
current taken from our data, some estimated values will be used for wave 
height. It is emphasized that wave heights were not strictly measured, 
but a general idea was gained from the accumulation of many on-site obser- 
vations of wave height with simultaneous measurements of wind and current 
velocities. Thus, generally speaking, it can be estimated that a one foot 
(30 cm) wave height in our lagoons will be related to a ten-meter wind 
speed of at least 8 m/sec and a drift current of 5-8 cm/sec. From Figure 


8, a one foot wave height produces on the order of a 0.02 ft/sec 
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FIGURE 7. Velocity of mass transport at various depths as a 


function of wave period for a wave one foot high (from Beach Erosion 
Board 1942). 
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FIGURE 8. Average drift velocity as a function of wave height 


and period for the region between the water surface and a depth of 50 
feet (adapted from Johnson and Wiegel, 1959). 


4. 
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FIGURE 9. Comparison between measured and theoretical (null 
net transport) velocity profiles in water of uniform depth by 
Russell and Orsorio, 1958 (from Wiegel, 1964, p. 39). 


(0.04 em/sec) current, which appears insignificant compared with the 

wind induced current. Thus, for our present analysis, the effect of wave 
induced currents has been considered negligibly small. However, by no 
means should ane be convinced that this is an infallible assumption. The 
present body of evidence simply appears to be far too limited in the jus- 


tification of any definitive conclusion, 
Time Constants 


In order to gain a general idea of the times involved for a pure 
wind drift or slope current to develop, a first-order approximation can be 


made by inspection of the appropriate equations. As previously developed, 
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1 


Lhe equal ton of horizontal motion for a pure wind drift current is 


OW ne Ag ou ; 
at P ez 
From this we find a time constant of 


TY fd , (comare with (161), 
z 


(11) 


Substituting into this equation average values ofd = 1.8 m and Ay /p = 
| 100 om/sec, we find that a steady-state wind drift current can develop 
in a time on the order of 5 minutes. Current observations made with re- 
spect to time by the author in the Cape Canaveral lagoons indeed indicate | 
that the time factor in generating wind drift currents can be on the order 
_ Of only several minutes. More will be state about this little-known sub- 
ject in the ANALYSIS OF RESULTS section. 

Determination of the time constant for a pure steady-state slope 
current may come through examination of the problem from a more intuitive 
basis. Using the notation shown in the below figure, we can assume that 
the total water transport by the wind is equal to the amount of water 
piled up on the down-wind shore of the water body (as represented by the 


crosshatched area). 


AO 


Ax shown by the preceeding, Mlgure, we are able to express this relationship 


S = (UR)T = vy ahh =aht, (44) 


where 3 represents the total transport, assuming a width of unity. In 


as 


relating this directly to our wind force (since Ah was not measured, but 


the wind velocity was), we use the relationship for the slone, Gs r 
Ve ab or ah= BL, ci) 
We 2 | 


where we know from equation (25), for a stationary slope, 


2pgh (25) 


Thus, we find a time constant of 


Bulges. 
ow eUngtt (38) 


Substitution of average values of Ts, = 2 en/em-sec® , L = 17 km, and 

U = 10 en/sec, and use of the previously assumed values, gives an order- 
of~magnitude time factor of one hour for the generation of a pure slope 
current. Note, that for these values, ah (the Seas ~12 on. 

Another consideration while examining transient responses of our 
lagoons to the wind is to compute the expected seiche period for each 
lagoon. This has been done by various authors for a variety of water body 
snapes and, for our problem, we will use the results computed for a shal- 
low water, constant depth water body whose length is greater than its 
wiith. Using specialized forms of the equations of motion and continuity, 


one arrives at a form of the wave. equation which appears as the following, 


Nd 


2 . | 2 
} ou. 
Se Oy oe (39) 
at ax 
From this, the period for a standing wave (i.e. a seiche) is 

Vah | 
Using, values of h = 1.8 mand L = 11 km (length of Area I) to 22 km 
(length of Area III), we find a seiche period of approximately 1.5 hours 
for Area I to 3 hours for Area ITT. For reference, the period of the 


fundamental seiche in Lake Okeechobee, Florida (of near circular shape 


with a diameter equal to 50 km) is about 6 hours, as reported by the U.S. 


Army Corps of Engineers (1955). Although these approximated values seem 


of no immediate importance, they may help us better understand and evalu- | 


ate the ever-changing circulation patterns of the Cape Canaveral lagoons. 


Nothing more conclusive can be postulated beyond these approxi-~ 
mations because there simply has heen very little field work done on this 
aspect of circulation phenomena. Although Van Dorn (1953) appears to have 
completed the most recent work on transient responses of a water body to 
changing wind force and set-up, 1t is doubtful whether his work can be 
extrapolated to the larger scale of our lagoons. It is of interest to 
note, however, that he measured a set-up that decreased to 6 per cent of 
its previous height within only le minutes after a. sudden wind shift 
(seiche period equals approximately 2 minutes). 

One other notable development of a time-dependent wind drift’ 
solution has been presented by Lamb (1945, p. 590) and McCormack and Crane 
(1973, pp. 161-3), among others. The velocity distribution, U(z), is 


founc, assuming laminar flow in the water, as a function of the wind drift 


4p 


velocity at the surface, Us. The equation is a well-known similarity 
solution having the form 


-@) 
ED Bits 2 ~9* | : (UL) 
Us l ze do, 


where @= apt , Z is the water depth below the surface, Vis the 
kinematic viscosity, and t is time. This equation has been plotted by 
Wlegel (1964) and 4s reproduced in Figure 10 below.. The initial equation - 
to be solved is almost identical to equation (11), with the only change 
being a replacement of the factor Ar/o by VY. | 


feet 


t, in 


Cepth detow aster surface, 


FICURE 10. Development of a wind drift current due to viscosity 
as a function of time (from Wiegel, 1964, p. 317). 
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However, it should be kept in mind that the neglect of surface slope ef- 
fects and other important parameters such as the eddy viscosity, .Jtimately 
distort the true representation of the circulation in our lagoons. Yet, 
Figure 10 does give us a partial idea of the transient responses of cur- 
rent ‘to wind. Nevertheless, this subject of transient responses of wind 
currents remains the least known aspect of wine cries circulation pheno- 
mena. | 

It will be shown in the next section how these theoretical re- 
sults compare with the actual in situ observations. This is no small task 
due to the fact that there are many problems encountered wey methods of 
data taking, standardization of results with previously published ones , 
and canputation of such ill-known factors as the wind stress, wind resis- 
tance coefficient and, of course, the eddy viscosity coefficient. Never- 
theless, all of these problems will be emphasized in an effort to grasp 
a better concept of the future work necessary in the study of the hydro- 


dynamics of these estuaries. 


Nay 


ANALYSIS OF RESULTS 


An initial quick glance at the raw data (Charts 1 A-T) can tell 
uS a great deal when campared with the results of other investigators. 
Previous work by Van Dorn (1953) in a pond, Keulegan (1951), Van Dorn 
(1953) and Shemdin (1972) in the laboratory, have showed the surface wind 
drift to be about 3% of the wind speed under turbulent conditions. Further 
laboratory measurements by Wu (1968) substantiate a linear (with depth) 
surface current profile that is 3-5% of the free stream wind velocity, Uso 
(note: it was assumed that this maximum wind velocity excludes boundary 
effects due to the water surface and the laboratory walls or roof). Noble 
(1965) states that a good "rule of thumb" is that the surface current is 
of the order of 1% of the wind speed, while a comprehensive study by Stom- 
mel in 1954 (Wiesel, 1964) shows a range of 3.5-5.0%. Another study by 
Carruthers in 1951 (Johnson and Wiegel, 1959), off the southeast coast of 
England, showed drift speeds of about 2% of the wind speed. However, since 
it is well known that the wind drift decreases rapidly with depth, and 
Carruthers! measurements were made at approximately 10 feet below the sur- 
face, this may account for his smaller ratios of wind drift to wind speed 
as compared with Stommel's values. 

The data obtained in the Cape Canaveral lagoons shows no such 
strict correlation. However, it should be kept firmly in mind that para~ 
meters such as varlable depth, irregular shape and bottom topography, and 
possible effeeus cf variable bottom stresses, rain, land runoff and other 
Pacebe: probably substantially effect the circulation in our lagoons. On 


the other hand, the results of the above investigations were usually 
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obtained either in the closely-controlleble conditions of the laboratory 
ov In loenat fons such as the open oeean where consideration of shi low 
depth, boundary elects and other varlables is not necessary. ‘Thus, one 
cannot justifiably expect exact correlation of our results for ratios of 
current speed to wind speed to those of the previously mentioned investi- 
gators. Table 3 shows some representative emahaiea, chosen at random. 
Ratios of measured wind velocity to current speed vary from 0.23% (Site 
1-9 on 07/24/73) to 1.8% (Site 1-6 on 08/21/73), based on a ten-meter 
wind height. Although it can generally be seen that the plotted current 
vectors coincide with the same basic direction of the wind vectors, the 
magnitudes of these vectors simply don't relate to wind speed as clearly. 
For example, examination of the wind field over Area I on March 19 (Chart 
1 A of the Appendix) shows that the current may be strong when the wind 
is weak and, conversely , ens current may be weak when the wind is strong 
(compare Sites 1-3, 1-20 and 1-23 to Sites 1-11, 1-15, and 39). . 

Further insight may be gained by comparing differences in mea- 
sured current fields as related to the same basic wind fields during dif- 
ferent sampling pericds. For instance, in comparing the results of Area 
I. on March 19 (Chart 1A) to those in the same area on August 8 (Chart 
1 F), we see cise the wind fields are approximately the same, yet the 
current fields differ rreatly, especially in magnitude. However, one may 
also find examples of separate current fields that compare very favorably 
to each other under similar wind filelds (compare Area II Charts 1 I to 
1K). A mere intense examination of the collected data only provides an 
increased affirmation of the intuitive feeling that the most influential 


-factar in the development. of a current fileld from a given wind field is 


Date Acea z= Wind Current Ratio 
Site Neu. Speed Speed 
(M/SEC) (Cm/SEC) 
July 24, 1973 1-20 6.5 4,7 1:138 
1-9 8.1 2.3 1:352* 
1-13 9.7 4.6 1:210 
July 18, 1973 2-22 8.1 10.2 1:79 
2-25 9.7 9.2 1:105 
2~-26 9.7 3.9 13249 
July 19, 1973 3-6 3.25 4.7 1369 
3-7 4.9 5, ird6 
3-10 8.1 4.7 bs172 
July 26, 1973 4-3 4.9 8.5 1:58 
4~14 6.5 3.2 13208 
4-17 7.3 2.5 1:292 
4~-36 4.9 4,3 3114 
August 8, 1973 1-6 3.25 4,0 1:81 
1-9 5.7 4.6 1:124 
1-20 5.7 3.8 13150 
August 13, 1973 3-3 5.7 4.3 1:133 
3-7 4.9 4,8 1:102 
3-12 8.1 ALT 13172 
August 16, 1973 4-3 4.0 6.8 1:59 
4-10 5.7 6.6 1:86 
4-17 4,9 6.9 1:71 
August 21, 1973 1-6 L7 3.1 1:55** 
1-14 2.4 3.7 1:65 
1-22-S 3,25 5.5 1:59 
August 22, 1973 4-10 4,0 3.8 13105 
4-11 3.25 5.4 1:60 
4-13 5.7 4,1 13139 
4-17 3.25 2.5 1:130 


*Highest ratio ~ current = 0.28% of wind speed 
** Lowest ratio - current = 1.80% of wind speed 


TABLE 3. Representative examples of wind speed 
to current speed ratios in the Cape Canaveral Lagoons. 
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that of time. In order to predict the current field with certainty, it 
is not enough to merely know the present velocity of the wind. Racher, 
one must also have a complete knowledge of the time factors involved; that 
is, the duration of the wind and some of the transient conditions that | 
prevailed before the onset of the present state. 
It is difficult to explicitly show this time dependence directly 
from the data in Charts 1 A-T, but a general feel for the phenomena may 
be obtained through the following comparisons of some of these data, cou- 
pled with knowledge of the previous eranetent wind conditions. Due to 
the fact that, in several instances, the data from all four areas was col- 
lected on succeeding days, the author was able to directly measure the 
result of changing wind conditions, although mich extrapolation 1s neces~ 
sary from area to area and day to day. | . 
| For instance, on June 20 (Chart ] I-Area II), a light wind and 
weak current from the south were measured (note: the wind was light and 
variable on the preceeding day also). That afternoon the wind shifted to 
the southeast and increased intensity. By the following day (June 2 - 
aaa Chart 1 0 of Area III) the wind was moderately strong from the north- 
east and the current was beginning to flow in the direction of the wind. 
As a second example, on July 18 (Chart 1 J-Area IT), the wind 
was light and variable in the morning (shown in Sites 2-1 through 2-19 
and 2-23, 2-24) causing small, varlable currents. This wind changed to a 
steady, moderate, easterly wind by early afternom, which caused a radical 
increise in the current velocities (refer to Sites 2-20 through 2-27 ex- 
cept for 2-23 and 2-24). However, by midmorning of the following day 


(see Chart, 1 P-Area IIT), the weather pattern had shifted to a typical 
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"Northeaster" storm condition and the current, which had previously been 7 
flowing northwest in Area III due to the previous day's wind patte.n 

(refer to Sites 3-12 and 3-15 which were the first to be sampled that dav), 
reversed direction and began to flow southerly and follow the wind. 

As a final example, on August 1, the wind was blowing strongly 
from the south after being observed to be Light and variable on the pre- 
ceeding day. Measurements recorded in Chart 1 E (Area I) were taken in 
the late morning. Note that the strength of the current did not match 
the strength.of the wind. However, on the following day (Chart 1 L - 

Area II), the southerly wind had now strengthened and the current (again 
measured in the late morning) had increased considerably. This specifi- 


cally shows the importance of the function of the wind duration on the 
current. 


Wind Stress Calculations 


One of the difficulties in the comparison of the measured re- 
sults with theoretical calculations and the results of other investigators 
lies in correcting the wind data to that of the wind speed at a "standard" 
ten-meter height (Uj9). "Standard" is loosely used here because a thor- 
ough literature survey revealed that most wind and current investigations 
have used any height that is most convenient to their equipment and facil- 
ities. 

The wind speed above a wavy surface has been long represented 
by the well-verified logarithmic wind profile (also called the "law of 


the wall") over a rough boundary. That is, it is represented by the 


4g 
following equation, 


U(2) = A lin (ata) - - (42) 


where Ux, =VT./| = wind friction velocity 
k = vo fen constant = 0.4 
Zz = height of measurement - 


Z. = dynamic roughness length. 


This profile has been verified by at least fourteen investigators (see 
Roll, 1965, Table X, pp. 126-7). There are two difficulties directly 
encountered when using this formula in converting measured wind speeds to 
other heights. The problems lie in choosing the values for Uy, and Zz, 
both of which appear to be poorly defined. | 

The roughness length (z,) is construed as that height at which 
the mean wind velocity is equal to zero. However, in turbulent marine 
conditions the mean wind velocity is not equal to zero at any height due 
to boundary layer separation and eddy formation caused by the hydrodynami- 
cally-rough, wavy surface. Thus, a better physical interpretation of the 
roughness length is as a parameter denoting the scale of these turbulent 
eddies. In this manner it represents the effects of the boundary on the 
mean air flow. This parameter has been frequently determined using sim — 
ultaneous windspeed measurements atdifferent heights over varying wave 
conditions... Nevertheless, it remains a point of debate among authors as 
to what factors z, is dependent upon, how to best represent it, and what___ 
are typical values of zo. Roll (1965) and Kraus (1972) give a more eenplete 
description of the many contradictory statements regarding the variation of 
this parameter with the characteristics of the air flow. However, Figure 1 


gives an indication of the discreparicies encouritered. Note that the 
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FIGURE 11. Summary of investigations of dynamic roughness as 
a function of friction velocity and Beaufort Wind Scale (adapted from 
4eT1, 1965, p. 139 and Ruggles, 1969, pp. 41 and 49), 
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unusual peaks in Ruggles' data, which have also been observed by Wu (1969), 
coincide with divisions in the Beaufort wind scale as found in Kinsman 
(19658). This scale is an adoption of natural wind speed divisions sel- 
ected on the basis of the differing appearance of the ocean surface by 
seamen, It is also of interest to note that Ruggles considers the marked 
peak at Uy = 32 cm/sec (Ui = 8.5 m/sec) to be representative of the Kel- 
vin-Helmholtz shear instability as predicted by Munk (1947). This instab- 
ility criterion predicts that a transition from laminar to turbulent flow 
occurs for winds around 7-9 cm/sec. | 

With these conflicting values for z, in mind, the chosen value 
of a costant z, was 0.6 cm. This value was chosen because it appears to 
be a best fit constant for Ruggles' data and because C.-G. Rossby (1936). 
has stated: "The roughness parameter corresponding to steady, moderate 
to strong winds seems to be in the vicinity of 0.6 em...," a value lying 
intermediate between one calculated by Prandtl in 1932 and another by 
Sverdrup in 1936 (Munk, 1947). Rossby arrived at this value by applying 
wind profile formulae developed by him and Montgomery in 1935 to measure- 
ments made by Wust in 1920 (Sverdrup, et_al., 1942, p, 489). In conclusion, 
Wu (1969) observed values of 2 = 0.01-0.1 em for Uyg = 2-5 m/sec and 
Zp = 0.1-1.0 om for Uy, = 5-10 m/sec. 

The next problem lies in dealing with the wind friction or 


shear velocity, Uy, defined as 
Vv 
Uy = (Ey. (43) 
* P.. 


where T., 


Pa 


wind shearing stress 
density of air. 


eal 
ae) 


The physical significance of Uy, according to Roll (1965, p. 133). is that 
it represents the difference between the velocity of a specified *hyid 
particle and that of its new surroundings, after having traveled the cis~ 
tance of one mixing length. Reference should be made to the previous 
section and equation (7) for a description of the mixing length, 2. 

Again, considerable differences of opinion are encountered in 
discussion of the relationship of the friction velocity to other para~ 
meters such as wind speed, dynamic roughness and wave profiles. Roll 
(1965) and Kraus (1972) again provide more detailed accounts of the theo- 
retical considerations involved. In the interest of simplifving the 


problem, the following relationship has been accepted as valid for our 


calculations. 


This has been verified by Ruggles (1969) using simultaneous vertical mea- 
surements of wind speed over an open ocean site. Kraus (1972) estimated 
a constant coefficient of 0.05 vice 0.04. It should be noted that litera- 
ture on the friction wind speed as related to measured wind speeds over 
water appears quite sparse. 

With these two unknowns now resolved, at least temporarily, Vy 
can now be calculated directly using equation (42) and our measured wind 
speeds taken at an average standing height of 1.5 m above the water sur- 
face. From this, the standard ten-meter wind speed can be calculated 
using equation (hu). The objective in obtaining this ten-meter wind height 


is to be able to calculate the actual stress on the water as exerted by 


the wind. This shearing stress is usually expressed in terms of the wind& 
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at a tensneter height as 


2 
= (45 
c : ae (U,.) pe 
where Ca = dimensionless resistance (drag) coefficient. 


It should be noted that the work of some authors suggests that this stress 
term is proportional to we where n is a number other than two. 

Choosing a reasonable value for the drag coefficient, Cy), is 
difficult because of its direct dependence on the poorly-—defined parameters, 
U, and z (note: The subscript 10 denotes that this is for a wind speed at 
a ten meter height). There is much literature concerning this coefficient; 
all have specific contradictory results,. The only agreement is that C,. is 


10 
a coefficient whose value is on the order of 1073 for air—water interactions. 


_ Figure 12 gives an overall idea of the. present state of dissent. Wilson 


(1960) compiled the results of forty-seven investigators and found that the 
mean value of C,) is 2.37x107> with a standard deviation of 0.56x1073 for 
wind speeds greater than 10 m/sec (mean equal to 20 m/sec). For winds with 
speeds less than 10 m/sec (mean equals 5 m/sec), the average value of Cio 
is 1.47x1073 with a standard deviation of 0.83x1073, In attempting to 
establish greater accuracy, Roll (1965) took Wilson's results, expanded 

them with the results of more recent studies, and evaluated the data on 

the basis of the methods used in estimating Cio: Briefly, the five methods 
of measuring used are: 1) wind profile, 2) geostrophic wind departure and | 
3) the eddy correlation methods for use in air; and 4) sea surface tilt and 


5) the surface film methods for use in the water. Detailed discussions of 


this coefficient are given by Roll (1965), Wilson (1960, Deacon and Webb 


SL 
Sy 


yh 


bulk of ocean 


measurements Sheppard 


Cyo 
«10° 
2 
| 
Francis (Roll, 1965) 
oe 
0 5 10 1S 20 25 30 
Uro misec 


FIQURE 12. Variation of wind resistance coefficient 
with wind velocity (adapted from Silvester, 1970). 


(1962), Hidy and Plate (1966, Neumann and Pierson (1966), Wu (1969) and 
Kraus (1972). 

The value chosen for Cio to be used in our calculations is. 
1.5x107>. This is based not only on Wilson's and Roll's results for light 
Winds, but also on measurements done by Deacon in 1962 and Brocks in 1959 
and on values. derived by Van Dorn (1953), which were obtained with great 


accuracy (+5x107/) under well-controlled, but natural, conditions in an 
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artificial pond. However, by no means should this resistance coefficient 
be viewed as a well-defined parameter, even though much research has been » 
devoted to it. Very little-is presently understood about the influence of 
atmospheric stability, rain, wave form drag, fetch, wind gustiness and 
other variables on this parameter. | 

Now that a value for C,, has been singled’ out, we may calculate 
values of 7, to be used in the evaluation of our data. ‘Taple 3 A of the 
Appendix shows some typical values for various wind speeds. These values 
appear to correlate with those of other investigators (Sverdrup , et al., 


1942, p. 491; Shemdin, 1972; and Van Dorn, 1953). 


Accuracy of Measured Data 


Before making a comparison of the actual current velocities mea~ 
sured in the lagoons to computed theoretical current, values , it is neces~ 
sary to know the magnitude of errors which may be introduced in the data 
collection process. 7 | . | 

There is room for much error in the measurements of wind magnitude 
because the Dwyer Wind Meter measures wind speed directly and 4s thus sub- 
ject to the wind's random fluctuations. When the meter is held vertically 
facing the wind, the direct force of the wind on a hole in the rear of the 
meter pushes a small ball inside the meter up along a scale, Although the 
wind meters were proved accurate to within 15% of the measured wind velocity 
by Jen (1974), the inaccuracies involved in trying to determine the mean 
wind during a short period of time may be as high as 50% of the mean wind 
speed. This is especially evident in gusty conditions when, for example, 


the readings may fluctuate between 2-10 mph. It becomes more a matter of 
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experience, accimulated after many hours on the lagoons, in estimating the 
true mean speed of the wind. Of course, there may also be much spatial 
deviation in wind velocity due to interference by land boundaries. How-~ 
ever, in a final analysis of the data for the wind fileld over an entire 
area (see Charts 1 A-T), one can get a good idea of the mean wind velocity. 

Deviations in measuring wind dinaphtee are not such a problem. 
The use of a closely-gradated compass is all important, but the estimated 
standard deviation ils as high as 5°, mainly because this measurement de- 
pends on the stability of the wind direction. As previously noted, con- 
current observations of wavelets helps in this measurement because it has 
been shown by several investigators that the wave crests customarily line . 
up normal to the wind direction, at least for wind speeds less than 6 m/sec 
(Hidy and Plate, 1966). It is in these lighter winds that one meets with 
“more difficulty in measuring wind direction, so this observational tech- 
nique is of great help. 

The current measurements have several aspects that may inherently 
produce errors. This is due to the fact that the current is not directly | 
measured. Notwithstanding any other types of errors, the first two months 
of data (March and June, 1973) should be considered to contain current mea- 
surements with only fair accuracies. This is because we had not yet made 
use of a double anchor mooring system in preventing lateral movement of 
the small boats, which was previously discussed in the field work deserip- 
tion section. Also previously discussed in the field work description 
section are the errors inherent in the field range finder's logarithmic 
scale for any readings greater than 40 feet. For readings of less than 40 


feet, accuracies with less than 5% error may be obtained. The determination 


oT 

of the direction of the current cross. is probably the most accurate mea~ 
surement ascertained, having a standard deviation of only 2° at the most. 

Another source of possible error in the current measurements is 
in the design of the current cross system. It should be designed so that 
the force exerted by the wind on the float is relatively small comared to 
the force exerted by the current on the vanes. For measurements made at 
deeper levels, one must also be concerned about the force exerted on the 
float by the surface drift current as compared to that of the current ‘at 
the depth of the cross, especially in the presence of strong velocity | 
. Shears (Knauss, 1963). In the present case, however, the cross easentanlly’ 
measured surface current because it was never deeper than 0.5 m below the’ 
surface. Thus, we need only be concerned with the wind force on the float 
(reference may be made to Pritchard and Burt (1951) and Cook (1970) for 
additional developments) . iInan attempt to lessen the effects of this wind 
coupling, the float was always filled with water, whenever possible, to 
- lessen its profile above the surface. However aan rough, choppy water, 
more of the float had to be out of the water in order to be able to clearly — 
follow the drogue's motion. 


The forces on the float and current cross are given as 
I VU | 
= == , 46a 
i. 2 Cy fe A; ( ‘ I 
re 20, i A. (U,) 7 - 
where F, and Fy are the forces on the float and the current cross, Up and 


U denote the velocities of the surface wind on the float and of the cur- 


rent on the cross respectively, Ap and A, are the effective cross-sectional 
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areas of the float and cross upon which these velocities act, Ce and Cy 
are non-dimensional drag coefficients for the float and cross, anc >. and 
Py are the densities of air and water. 

A well-designed drogue system is one in which the ratio of P/F, 


is very small. Using tabulated values of C, = 1.75 and Ce = 0.75 (from 


Meyers, et_al., 1969) and computed values of Ap = 129 em? (20 in2) and 

A, = 1123 em2 (174 in®) (see Figure 4), for a representative value of Up = 
0.5 m/sec (fran a wind velocity of Vig = 10 m/sec), it can be found that 
the force of the wind on the float will not exceed 5% of the current force 
on the cross. This indeed shows that this possible source of error from | 
the wind on the float is negligible. It should be noted that the value of 
0.5 m/sec for a wind speed at only a few centimeters above the surface is 


an uncertain value which is simply an order-of-magnitude estimate based on 
the logarithmic wind profiile. 


Comparison of Results 


In comparing the measured currents to those predicted by the 
theory, reference is made to Table 4, éemartaen of Results. Note that the 
measured values used in this table are the same as those in Table 3, p. 46. 
In the last three colums of this table are values of current speed; the | 
first value is the current actually measured, the second is the current as 
predicted by the steady-state wind and slope current solution, equation 
(26), and the third value is the theoretical velocity calculated from the 
steady-state pure drift current solution as expressed by equation (15). 


For ease of reference these equations are reproduced below: 


UG) = - (d-z] (a5) 


59. 
As Ue) = (2) - (2) 4% 
As can be easily seen, the current velocities predicted hv equ- 


ation (20) appear nowhere close to the magnitudes of the respective mea- 


sured currents. Notwithstanding current deviation due to unknown factors 


(such as bottom topography), these discrepancies could be explained as 


resulting from the use of improper values of A,, de or depth; any of which 


‘would produce large inaccuracies. Naturally , one would be prone to inter- 


pret these inconsistent values as the result of immroper initial assumptions 
in the simplifications of the equations of motion. That is, possibly terms 
were disregarded that should have been included. One of the major factors 
that, most probably, has a large effect in distorting the predicted current 
behavior is the choosing of a éhsbatt eddy coefficient, rather than a 
variable A, (which would decrease with depth). 


Nevertheless, we can see that the values calculated using equa-_ 


. tion (15) for a pure wind drift current, appear to correlate much better 


with our measured current values. At least, they are of the same order of 
magnitude as the measured values, even though they appear to predict, in 
all cases, smaller current velocities than those measured. However, this 
does tell us that the values of 7, and A, are, to a limited degree, cor- 
rect. ‘It should be remembered, though, that the values predicted by equa~ 
tion (15) are asymptotic values because there is no time-dependence in- 
volved. ‘Thus, if anything, these theoretical values should always be 
greater than those measured. This is because the maximum steady-state con- 
ditions are implied by the theoretical approach, whereas the actual mea 


sured values are probably not those for a fully-developed, steady-state 
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edreulatian patter. 

One should not be drawn Into an erroneous conclusion that, be- 
cause the predicted values for a pure wind drift current correlate consid 
erably better with our collected data than do the predicted slope current 
values, there is much more dependence of the actual current directly on 
the wind stress rather than on the resulting sunress slope. This may or 
may not be the case, but it should be realized that the soluticns freund 
for our theoretical equations are only very crude attempts to aporoximte 
the actual circulation phenomena present. Thus, their usefulness and ver- 
acity may only be extended to a certain point, beyond which further appli- 
cation and reliance will only lead to mistaken conclusions. 

Nevertheless, we have additionally seen that the current direction 
is closely related to the wind direction. Although this point has been 
discussed more completely in the first part of this section, one can gain 
an immediate feel for the correlation between wind and current direction 
‘through a rapid survey of the data presented in Charts 1 A-T of the Apven— 
dix. Also of note is the discussion of transient responses of current to 
the wind in the Time Constants section and the supportive examples from 
the measured data which are presented in this section. In summary, it has 
at last been reasonably demonstrated that the current in our lagoons is a 


function of the wind field over each lagoon. 
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FUTURE WORK 


Now that we have a fuller insight into the circulation phenomena 


of wind driven estuaries, the specific future work needed to pin down sore 


of the less-understood aspects in the Cape Canaveral lagoons becomes clear- 


er. 


A listing of recommended possible future investigations follows: 


1. 


y 


LS>: 


Apply finite-difference methods of solution to time-—icpendent 


equations of motion using synoptic observations over a single 
lagoon. 


. Make simultaneous measurements of current velocities as a functim 


of depth. This will provide insight into the vertical velocity 
profile shown in Figure 6. This will most probably require the 
use of a pressure-stabilized float as a measuring device. 


Measure currents (as a function of depth) near boundaries, espec— 
tally the upwind and downwind boundaries and near bridge and cause- 


way systems. This will determine the effects of boundarles upon 
the circulation structure. 


. Examine and measure wind stress, bottom stress and related para~- 


meters (e.g. Zo, Cg, ete.). 


. Measure the effects of evaporation and precipitation and estimate 


the total area water budget. 


. Perform numerical analysis of the collected data using a computer 


in order to discover any hidden correlations unforeseen in this 
present study. 
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CHART 1M, Measured current and wind fields ~ Area IT 
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Currents 1 inch = 16 cm/sec 
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CHART 1N. Measured currer.:. and wind fields ~ Area III 
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CHART 1Q, Measured current and wind fields - Area TIT 
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CHART 1S. Measured current and wind fields- Area IV 
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HART 2B. ‘Typical salinity profile - Area IT 
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CHART 2H. Typical temperature profile - Area IV 
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ABSTRACT 


Haulover Canal is a prismatic channel connecting two large bodies of water, the 
Indian River and the Mosquito Lagoon. The Manning equation for uniform flow is 
found to be satisfactory in describing the relation between the transport through the 
canal and the slope of the water surface. The correlation between the suspected | 
driving force, the prevailing winds, and the currents in the canal is established. Also a 


wind direction causing the maximum transport through the canal is found. 


INTRODUCTION 


This study is basically one of hydraulics, and to be more specific, one of open 
channel flow. Much of the literature reviewed has established theoretically and 
experimentally the same basic equations for both uniform and nonuniform flow in open 
channels. This has been done to such an extent that open channel flow has been made 
text book material. 

Haulover Canal connects two large bodies of water. The water level of each, as a 
function of the wind field, undergoes slow changes affecting a flow in the canal in either 
direction. The rate of change of the water elevations at each end of the canal is 
believed to be so slow that the flow in the canal may be considered to be steady at any 
instant. This consideration is evident in the equations of motion developed for the flow 
through the Haulover Canal. 


It will be discussed whether the equation of motion for varied flow or that of 


- uniform flow (or gradually-varied flow) best describes the water transport through the 


canal as a function of the water level differences for the time period observed. When 
the flow is uniform, the boundary friction is in balance with the head loss; and 
therefore, controls the depth-velocity relation for a given flow rate. When the flow is 
nonuniform, it may be further classified as gradually-varied or rapidly-varied flow. In 
gradually-varied flow, the local time derivative of the velocity and the advective terms 
are of such small magnitude that the water surface slope changes slowly; and, 
therefore, boundary friction very nearly balances the head loss. In rapidly-varied flow, 
the momentum and inertial forces become more dominant in the role of establishing 


the water transport in a channel (Daily and Harleman, 1966). 


A correlation between the wind field and the water surface slopes and resulting 
currents will be established. The preferred direction of the wind is practically defined 
as the direction from where the wind field approaches causing the maximum water 
surface slope in, and the consequent maximum current through the Haulover Canal; 
wind magnitude being held constant. The preferred direction of the wind causing this 
maximum piling of water at the mouths of Haulover Canal was found for the surface 
and averare currents running through the canal and the water level differences 
between the canal ends. Correlating coefficients were also computed for the above 


three parameters with the east-west and north-south components of the wind. 


LOCATION AND DESCRIPTION OF HAULOVER CANAL 


Haulover Canal is part of the Merritt Island Wildlife Refuge in Brevard County, 
Florida. The canal is located east, across the Indian River, from Titusville on the 
mainland and is approximately 12 km north of the Vehicle Assembly Building at 
Kennedy Space Center. The canal connects the Indian River and the Mosquito Lagoon. 

Haulover Canal is a prismatic channel (one that is uniform in cross-section and 
bed slope) running in the 045° and 225° directions. It was designed and excavated by 
the Army Corps of Engineers. The canal has a trapezoidal cross-section with side 
slopes of 1 on 1.5. The canal was designed to have a depth of 4.27 m but the average of 
actual readings indicate an actual depth of 4.53m. There is no bottom slope in the canal 
and the canal bed is considered parallel with the horizontal datum. The length of . 
Haulover Canal is approximately 2.054 km. From these dimensions the cross-sectional 
area “A” is calculated to be 203.37m*, the wetted perimeter “P” is calculated to be 
54.43 m, and the hydraulic radius “R”, which is the cross-sectional area divided by the 
wetted perimeter, is calculated to be 3.74 ae 

As will be seen later, the hydraulic radius will be an important. dimension in 


considering the flow through the canal. 
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THEORETICAL DISCUSSION 


This discussion will concern itself with those subjects pertaining to open-channel 
flow that apply, or vay apply, in particular to the canal being studied. Basie energy 
principles will be used in our discussion of open-channel flow. Momentum concepts are 
used when there are severe and unknown energy losses rendering useless any flow 
description based on energy principles. There were no flows of this type observed at 
Haulover Canal. 

Basic definitions will be introduced, the velocity distribution examined, and the 
energy equation, deduced from the general equation of motion, will be used to describe 
different states of flow. Finally, resistance equations describing uniform and 
non-uniform flow will be developed, and their applicability to the particular situation at 


Haulover Canal discussed. 


A. Definitions 


“Steady flow” is flow where the velocity field does not change with time and as a 
consequence, the depth of flow in an open channel is constant during the time interval 
considered. The depth of flow, by definition, extends from the water surface to the 
bottom of the channel. “Unsteady flow” is a flow where discharge or depth of flow does 
change with time. Of course, in some cases this is dependent on the reference frame of 
the observer. An observer watching a disturbance, such as a surge wave in its early 
stages, from the bank would call the flow unsteady; whereas an observer traveling 
with the wave front sees no change in flow velocity or depth, either upstream or 
downstream of the front. This is assuming, of course, that those conditions existed. be- 
fore the disturbance was generated. | 

“Uniform flow” in an open channel is strictly defined as a flow where the velocity 
is the same in both magnitude and direction throughout the channel. Hydraulicians use 
a less restrictive definition of uniform flow. This definition allows the velocity of flow 
to be independent of the width and depth of the channel but not in the direction of the 
flow, ie. the length of the channel. (Henderson, 1966). Therefore, identical velocity 
profiles as a function of depth and width exist from channel section to channel section 
in this relaxed definition of uniform flow. This is in keeping with the definition found in 
another major textbook (Chow, 1959), that in uniform flow the depth of flow does not 
change from one channel section to another. The connection between these two 
definitions can be seen by looking at the specific energy equation discussed later in this 
section. It follows then, that “varied” flow, the depth of flow and mean velocity may 


change from point-to-point. 


Chow (Chow, 1959) summarizes the types of flow in an outline, and for clarity it is 
reproduced here: 
A. STEADY FLOW 


1. Uniform flow 
2. Varied flow 


a. Gradually varied flow 
b. Rapidly varied flow 


B. UNSTEADY FLOW 


1. Unsteady uniform flow 
2. Unsteady varied flow 


a. Gradually varied unsteady flow 
b. Rapidly varied unsteady flow 

It is noted that the unsteady uniform flow is a rare occurrence, and when one 
refers to “unsteady flow” he usually means “unsteady varied’ flow.” 

The state of flow is governed by the relative magnitude of the inertial forces in 
comparison to the forces of viscosity. A flow is said to be “laminar” if the viscous forces 
dominate and the water particles move in definite streamlines. In “turbulent” flow, the 
inertial forces dominate and the water particles, although moving “forward,” are . 
moving in unfixed erratic paths. The effect of the viscous and inertial forces are 


compared by the use of the “Reynold’s number” defined as 


Vv 


V = velocity of flow 


L = characteristic length, which is equal to the hydraulic radius, 
“R’, of the channel. 


V= the kinematic viscosity of water 
Note: The hydraulic radius is the cross-sectional area of the channel divided by its 


wetted perimeter. 


10 


Experimental evidence has shown that the flow in open channels changes from 
laminar to turbulent at the critical Reynold’s number of 500 (Chow, 1959). 

Gravity also affects the state of flow, and this effect is represented by the Froude 
number. This dimensionless number is the ratio of the inertial forces to the gravity 


forces. It is defined as 


— V 
r= 
vel 
V = mean velocity of flow. 


g = acceleration of gravity. 


L = characteristic length which is the “hydraulic depth” D. 


The hydraulic depth is the cross-sectional area of the canal section divided by the 
width of the free surface. 

When F = lorV = J/zgD.we have a balancing of the inertial force to that of 
gravity, and the flow is said to be in a “critical” state. When F<1, or \</2D, the flow is 
“subcritical.” Gravity dominates over inertial forces in this case and the flow is 
described as tranquil or streaming. When F>1, or V>/gD, the flow is “supercritical.” In 
this state, the inertial forces are dominant and the flow is described as shooting or 
torrential. | 

Four regimes of flow are possible from the effects of viscosity and gravity. Thev 
are: 1) subcritical-laminar, 2) supercritical-laminar, 3) supercritical-turbulent, and 
4) subcritical-turbulent. The first two regimes are nee usually observed in 
open-channel flow and are not considered in engineering problems (Chow, 1959). 


The analysis carried on later in this work will determine the usual flow regime 


and type observed in the Haulover Canal. 


K. Basie Velocity Distribution 


The velocity profile either as a function of depth or across a channel section is not 
uniform due to the viscous drag effects near the chantiel boundaries. If the 
non-uniformity in the velocity profiles along the channel cross-section is great enough, 
the true velocity head is generally greater than that calculated by using the mean 
velocity. Coriolis (Coriolis, 1836) proposed a velocity-distribution coefficient to correct 
this discrepancy in the velocity head. 


Coriolis’ coefficient or energy coefficientc< is defined by 


Where V.,, =mean velocity 
As found in the literature oranges from a value of 1.00 to a value of 2.00. 

The severity of departure of the cross-sectional velocity distribution from that of 
a uniform profile in an open channel is determined by a number of factors. Aside from 
the fact that < has a much higher value for laminar flow than for turbulent flow which 
is found in nature, the degree of uniformity. in the channel cross-section is the most 
dominate factor. Experiments have shown that the value of c<is close to unity for 
prismatic channels of uniform cross-section and fairly straight alignment. Therefore, 
for a channel with these characteristics,-<is assumed to be unity due to the 
uncertainties involved in flow computations (Henderson, 1966). 

The fact that a channel is “wide open” also affects the velocity distribution. 


Experiments have shown that the velocity distribution in the central region of a “wide 


open” rectangular canal whose width is greater than 5-to-10 times the depth 
(depending on the surface roughness), will be the same as the velocity distribution that 
would be found in a rectangular channel of infinite width. That is to say that the side 
walls of a canal with the above width-to-depth ratio have almost no affect on the 
velocity distribution in the centra! region of the canal section. Therefore, for a wide 
open channel, as defined, the velocity distribution may be thought of as 
two-dimensional for experimental and analytical purposes (Chow, 1959). 

In “wide-open” channels, the vertical velocity profile is of more importance to 
consider than the velocity profile with the width of the channel in establishing the 
mean velocity. General conclusions concerned with the vertical velocity profile found 
by many investigators and summed up by King (King, 1954) are stated 
here: 1) The maximum velocity occurs somewhere between the free surface in the case 
of a shallow stream down to approximately 0.25 of the depth in the case of a deep 
channel, 2) The mean eélodity of the flow in the vertical is ordinarily between 0.55 and 
0.65 of the depth of flow. Measurements at 0.6 of the depth usually gives the mean 
velocity with about 5 percent accuracy, 3) The mean of measurements at 0.2 and 0.8 of 
the depth of flow gives the average current velocity to within 2 percent, 4) The mean 
velocity of the flow approaches an upper limit of 95 percent of the surface velocity of 
flow in a deep open channel; whereas, in a shallow stream the mean velocity of flow 
approaches a lower limit of 80 percent of the surface velocity, 

A mathematical description of the velocity profile with depth of a wide open 


channel is deferred to the next section where the boundary layer development is 


discussed first. 
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C. Boundary Layer Development and Velocity 
Distribution of Turbulent Flow 


In order to discuss later the effects of boundary roughness on open channel flow, 
the basic concepts of boundary layer development must first be presented. The 
discussion which follows will be of a qualitative nature. 

The flow entering the channel is assumed to be laminar and uniform, and the 
depth of flow is large enough to be considered constant on entering the channel. 
(Figure 2). The flow above line abc is uniform, while the velocity of the flow below 
varies with the distance to the boundary. The latter region of flow is the “boundary 
layer.” As can be seen, the boundary layer thickness § increases until point b is 
reached where we have a turbulent boundary region and a laminar boundary layer 
developing out of a purely laminar flow. § , now defined as the vertical distance from 


the boundary to the point of flow where the velocity v, = 0.99v_ , (Bauer, 1954) 


Ox 


increases at a faster rate until the turbulent boundary region is fully developed (i.e., 


reaches the flow surface). The velocity profile in the turbulent layer is logarithmic as 


developed by Prandt] and Von Karman (O'Brien, 1937). 

At a distance § ,above the channel bottom lies the bottom of the turbulent 
boundary region and the top edge of the transitional layer. This point is called the 
“virtual bottom” of the channel which is in effect a ficticious vertical displacement of 
the channel bottom caused by the boundary layer. It is defined as 

é 
3 (1-) dy 3 (0.100) & to (0.125) 
d V5 
40 
where v is the flow velocity at a distance y from the channel bottom (Delleur, 1957; 


Bauer, 1954). 


13 


14 
Figure 2 


DEVELOPMENT OF BOUNDARY LAYER IN AN OPEN CHANNEL 
(NOT TO SCALE) © 


SECTION cd BLOWN UP 
7 (NOT TO SCALE) 


4 
ete MINOR 
| 


V=09V max———> l 


J 


c 


: TURBULENT 
$ / 
/ 
/ 
VIRTUAL 4 
DISPLACEMENT 
OF BOTTOM / 
| % > nea 
<e 0 ao 


In reducing the depth of flow from y to y- 5 ave get the effective cross-sectional 
area for the turbulent flow. If the average current velocity is obtained from the 
average of current measurements at different depths, a truer value of the total 
transport is obtained by using the effective cross-sectional area rather than a 
geometrical one. Due to the particular method used in this work of measuring the 
average velocity, the free-instrument method, the effect of the laminar flow near the 
bottom is inherent in the measured value of the average velocity. Therefore, in this 
case, the geometrical cross-sectional area is used in the calculation of the total 
transport in the Haulover canal. 

Within this §, lies the laminar boundary layer of thickness § 2 and it is the 
effect of the bottom surface on this laminar sublayer that determines how the surface 


roughness will affect the total flow regime. 


If the laminar sublayer completely submerges the roughness elements we have 
what is called a “smooth channel,” and the roughness elements have no effect on the 
turbulent boundary layer. If the effective height of the roughness elements is of 
sufficient magnitude to disturb the laminar sublayer, they will also effect the total 


flow in the channel. We then, appropriately enough, call the channel a “rough channel.” 


It has been determined from ponar grab samples taken from the bottom of the 
Haulover Canal that the canal bottom and side walls are completely covered with small 
shells. From this and the fact that the Manning coefficient computed from the current 
data is relatively low, we see that the Haulover Canal is best described by the former 


classification, 
If the flow is uniform the velocity distribution will be fully developed at cd and 


will have that definite pattern thereafter. 
As said before, the velocity profile with depth in a wide open channel is 


logarithmic in the turbulent region. First consideration in deriving the expression 
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defining the profile is Prandtl’s shearing stress (Prandtl, 1952) at any point in the - 


turbulent flow moving over a solid surface: 


2\ev [av 
T= PL" fy ke 


-where 


p = mass density 


L= mixing length which is proportional to the depth of flow y. 


Prandtl] assumed the shear stress to be constant in the region close to the 
boundary and equal to 7, where 7 is the average value of the tractive force per unit 
wetted area of the boundary. T, is called the unit tractive force and is defined by 

7, =WALS = wrs 
where W=fP =unit weight of fluid 
P =wetted perimeter of the channel 
A=cross-section area of the channel 
R=hydraulic radius of the channel 
S =slope of the channel bed surface 


We see that the expression for Prandtl’s shearing stress may be rearranged to show 


that 
-if/my 
v= y¥Vpe ¥ 


where K is the Von Karman constant of proportionality between L and y and is 


approximately equal to 0.40. We then see that 


y y. 
J = 2.5 ‘3 |e = 2.5 /gRS In > 
° ° 


where, upon integration, 


v = 25 VeRS ing, 


y’ is a constant of integration, which, as found by Nikuradse, depends on the “friction 


velocity” gRS, and the kinematic viscosity Yfor channels which are hydraulically 


smooth. In this case 


y’ = Js m = 4 for smooth surfaces. 
For rough channel beds y depends solely on the Boughaees height k (grain size of 
surface soils) introduced by Nikuradse (R.W. Powell, 1950; Chow, 1959). 
y’= mk where m= 0 
The expression just found for the vertical velocity profile in the turbulent region 
is the Prandtl] - von Karman universal velocity distribution law. We will refer to this 


expression in a later discussion on boundary resistance. 
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D. Equations of Flow 


As previously defined a flow is uniform if the velocity distribution across the 
channel section and with depth is unaltered over the whole canal length. The velocity 
profiles with respect to these two coordinates are established as soon as the turbulent 
flow region is fully developed. A consequence of this definition is the the flow 
possesses a constant mean velocity throughout the canal. Strictly speaking, uniform 
also requires that the slopes of channel bottom, water surface, and energy line (dH/dx) 


are all equal. 


As indicated earlier, unsteady uniform flow is nonexistent in nature. Flow in 
natural streams and waterways rarely conforms to the strict conditions of steady 
uniform flow (Posey and Woodward, 1969). However, uniform flow is frequently 
assumed by engineers in their flow computations for natural streams. The results are 
only approximate, but are considered to be a satisfactory solution to most practical 
problems (Chow, 1959). 

A basic equation of the flow in a channel balanced by friction will now be 


_ developed. In most books on hydraulics, figures used for defining the variables used in 


their equations depict the sloping water surface parallel to the sloping channel bottom.. 


This just is not the case at Haulover Canal where wind, and not the bottom slope, is the 
driving force. The easel bed is horizontal (Army Corps of Engineers) with a typical 
water surface slope comparable to a flow depth difference of a few inches over a canal 
length of well over a mile. The range of slopes that are characteristic to Haulover 
Canal are considered very mild by most investigators in this field. This coupled with 
the fact that the energy head line is considered to be parallel to the water surface, as 
expected from continuity, means the flow is not too far from uniform and is at most, a 


gradually varied flow. 


18 


Therefore, the slope of the water surface will be used in place of the channel bed 
slope in the following conventional arguments used to develop the resistance equation. 
The channel bed will be the horizontal datum plane. 

Now, referring to Figure 4, we know that the pressure distribution is 
hydrostatic, and therefore the pressure difference on a streamline between the 
upstream and the downstream face of the element is-/OgAy, where Ay is the rise of the 
water surface in the downstream direction. Therefore, the downstream component of 
the force due to this pressure gradient is - P g Ady for small ay ' 

Two basic assumptions, the first made by Chezy in 1769, are inherent 
in the resistance term. Chezy stated “..that the force resisting the flow per unit area of 
the stream bed is proportional to the square of the velocity.” The other assumption is 
that in uniform flow the force causing the flow is equal to the total force of resistance 
(Chow, 1959; Posey, 1969). Using Posey’s solution we use the proportionality factor N 
where N is a measure of the boundary roughness and turbulence (Posey, 1969; 
Henderson, 1966; Chow, 1959). Therefore, the force of resistance is represented by 

N v PAx 
where P is the wetted perimeter and PAx isthe surface contact of the fluid element 
with the canal bottom. We, therefore, have - p gAAy- NVPA =0.since there is no 


acceleration in uniform flow. Solving for the square of the velocity we have 


y2 = Ps A (- AY ) 
N Pp AX. 


AY ee eee 
axe N by “C*” whichis the square of 


the well known Chezy’s C, and & by “R,” which is the hydraulic radius. We then have 


We denote the water surface slope,- , by'S,” 


for the flow velocity 


v=Cy/RS 


Attempts at a more explicit expression for Chezy’s C will be discussed later. 
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Figure 3 
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The general case of non-uniform flow with a possible change in velocity 
down-stream will be looked at now. In this case we clearly have an accelerating flow 
and the sum of the flow and resistance forces no longer equal zero. The piling of water 
due to wind over the Mosquito Lagoon and the Indian River is considered to cause the 
rate of change of water levels to be slow enough so that the flow at any instant is 
steady. For this reason, the flow will be treated as non-uniform steady flow and, 
therefore, there will be no local term in the expression for the acceleration. The 


acceleration will consist solely of the advective term and we have 


- Pg A Ay - Nv? PAx =PAAx v a 
x 


2 
= Nv“ PAx=- pg AAy- PAAxy & 


ee eee ode y dv 
> v=- NPAX (BAYT RON ax 


or 


v2. Ps R (9 + ¥ dv) 
N dx g dx 


2 2 Pe: 
=-C R i (y + oe) where we again let Gee Pe 


Z 
_.dH_d noe = i ° 
Sy= a ae oF ) = slope of the energy line 


Where y+ is the specific energy head of the flow through the channel. In uniform 
flow the slope of the energy line is equal to the slope of the water surface, and 
following strict requirements, is also equal to the bed slope. However, in flow that is 
non-uniform the change in the velocity head over the length of the channel < eh 
which is our advective term in our equation of motion, is no longer zero and we may 


express the equation above as 
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2 
2 .2.,ay d (Vo 
v= CO RCI. ax ag)? 


d 
again denoting - = by S and dividing by Cc R we have 
dx ~% 


v? Ss. a aol 
C-R Ax 2g 
or 
2 2 
v d ve 
S= G2R + ax (5 


which is the classical form of the equation of varied flow. (Bakhmeteff, 1932; Ming Lee, 
1952). Here we simply have the uniform flow equation with the added term allowing 
for the change in velocity downstream. In gradually-varied flow, this term is usually 
negligible and the uniform flow formula may be used with good accuracy to determine 
the energy slope. General considerations of continuity would tell us that this is the case 
at Haulover Canal. This assumption will be shown to be correct by the actual data 
taken at the canal. | 

There have been many formulas derived for the determination of Chezy’s C 
appearing in the equations just discussed. The most important are Ganguillet and 
Kutter’s formula in 1869, the Bazin formula in 1897 (Chow, 1959), and the Powell 
formula in 1950 (Powell, 1959; Chow, 1959). These formulas are more complicated, give 
results that are, at times, less consistent, or have not been verified in many instances 
as has the Manning formula. The Manning equation for Chezy’s C is the universally . 
accepted equation throughout the Western World. (Posey, 1941; Chow, 1955; 
Henderson, 1966; King, 1948). The formula that was “wrongly attributed” to Manning 
in 1891 (Henderson, 1966) is expressed as 


where we see that 


R'” 
C3222 
n 
. 
‘ oe ee ee ; is 
where nis the Manning's coefficient of roughness. Manning's n has the units see m 


al 
In converting n to units of sec ft fs for use with lengths in units of feet the number 


1.486 appears in the numerator of the above expression for c. Evidently the literature 
has found it convenient to leave this conversion factor in the expression of ¢ rather 
than have seperate tables of n values for each system of units. Due to the imprecision 
of n the value of 1.49 is more appropriate for the conversion from the siete to the 
English system. 

Determination of the Manning roughness coefficient is one of the greater 
difficulties in applying Manning’s formula to determine the flow through a canal. 
Various approaches are possible. One is to give weight to all the factors that may affect 


ty 


the friction coefficient. Essentially they are: 1) size and shape of the grains of the 


' material, 2) amount of vegetation, 3) channel cross-sectional irregularity, 4) channel 


alignment, 5) obstructions, 6) results of silting and scouring. W.L. Cowan introduced a 


procedure that includes these factors for estimating n. (Cowan, 1956). He set 
n= (n, oe n, + n, tng + n,) m, 


where ng isa basic value for a straight, uniform, smooth, channel. n 1 throughn 4 


takes on correction values representing the degree to which each of the factors just . 


mentioned could affect the flow. m 5 is a correction for the meandering of the channel. 
Although according to the literature, Cowan was correct to attach significance to 
factors other than just the type material lining the channel wall, his values 
representing the degree of severity of each factor is consistently high for channels of 
large hydraulic radius. These values were obtained from experiments with canals 
ranging in sizes around that of drainage ditches. The lowest ‘possible Manning 
/s 


coefficient attainable using Cowan's values is 0.020 sec m’/* and there are channels on 


record with coefficients as low as 0.012 sec m? “3, 
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Many engineers turn to descriptive tables (King, 1954; Chow, 1959) giving 
coefficient values for channels classified according to soil types and other major 


considerations. 


Analytical procedures based on the theoretical velocity distribution and on — 


velocity measurements or surface roughness height data have been used. Boyer and 
others verified the concept of using the logarithmic distribution equation, such as 
discussed by M.P. O’Brien (M.P. O’Brien, 1937), H. Rouse (Boyer, 1954), and W.B. 
Langbein (Langbein, 1940), and the Manning equation to solve for the Manning 


coefficient n as a function of the ratio of the velocities at two-tenths and eight-tenths 


the depth. 


vV ; 
For smooth channels we use the value of oJene” obtained from Nikuradse’s data 


for smooth pipes (Chow, 1959), for the constant y’in the universal-velocity-distribution 
equation. We have 


2.5VgRS In 9 YveRS vers 


Vv 


tl 


or 


< 
I 


5.75 VERS log 29 V8RS VERS 


The velocity at 0.2y below the surface is 


7.2y JeRS 
Yo.2 7 5.75 VgRS_ log SS 


The velocity at 0.8y below the surface is 


By JgRS 
v 0.8 = §.75 (gRS_ log i 


oom 


Again, “y” is the depth of flow from the channel bottom to the surface. “jy” is the 
kinematic viscosity of the fluid. Upon eliminating. ¥gRS from these two last 


Y feRS 
expressions and solving for log Yet we get 
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yigRS — 0.255 r - 0.857 v 
log i ae | a where r = 0.24, 
0.8 


Substituting this expression for log A in Keulegan’s theoretical uniform-flow 
equation for smooth channels (Keulegan, 1938) 


RBRS | 


V = VeRS (3.25 + 5.75 log 7, 


and assuming that y =R, the hydraulic radius, we get 


V_ _ 1,78r + 1.68 


igRS ~ (r-1) 


From Manning’s equation for the velocity Vv we see that 


RS.  _R” — 178r+1.68 
nygR pl? gl? ~ (r-1) 


Solving for the Manning coefficient “n” we finally have 


_ _R“ (r-) Ys 
n= 5.57r+ 5.26 °° ™ 


This equation gives the Manning coefficient for wide open smooth channels where the 
unit of length is the meter. 
For rough channels we use the value of mk for y“in the same equation for the 


vertical velocity distribution used for smooth channels. Nikuradse arrived at the value 


of 1/30 for m from his data on rough pipes. Using this value we have 


v = 25V~ERS In 2v 


which describes the velocity distribution in the turbulent region of flow for wide open. 
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rough channels. “y” is the depth of flow from the channel bottom to the surface and “k” 
is the roughness height of the bottom. Following the same procedure as for smooth 
channels and using Keulegan’s theoretical uniform flow equation for rough channels 
(Keulegan, 1938) 

v= VgRS (6.25 + 5.75 log) 


We get the same equation for Manning’s n, that is 


qe R"” (r-1) ii 


uf 
55ir+506 *™ 


A reasonable estimate of n can be obtained by this method if velocity 


measurements are made at the levels mentioned. 


Another analytical method which has been more thoroughly investigated is 
expressing Manning’s n in terms of the roughness height k (usually the grain size 
coarser than 65 percent of the surface. sediments). (Boyer, 1954; Chow, 1959). This 
method is unfavorable in that Manning’s n, as discussed earlier, is affected by more 
factors than just surface roughness. Also, if one is working with a smooth canal 
surface, which is the case at Haulover Canal with its flat shell layer, the roughness 
height is small enough to be completely covered by the laminar sublayer and, 


therefore, has very negligible effect on the turbulent layer. 


So far, the best method to date in determining Manning’s coefficient is 


experience and consulting the tables in hydraulics handbooks. If one lacks experience, 


he may consult the pictures of various canals with Manning's coefficient values - 


displayed in Chow’s text. (Chow, 1959). 
This investigator will proceed with Boyer’s method of determining n by velocity 
ratios, look over the various tables, and get an estimate of the coefficient by looking at 


the data trends in this work. 
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INSTRUMENTATION AND PROCEDURE 


A. Instrumentation 


Current velocity, wind velocity, and the water levels at both ends of the canal 
were the parameters measured. Surface current velocity was measured by an 
aluminum current cross 4 inches in width and a span of 1 yard. The cross itself was 
suspended by a 1.5-foot line with an orange painted chlorox bottle as a float (Figure 5). 
A stopwatch was used for time and the range was determined by a range finder with a 
maximum range of 100 feet with an acceptable error of 5 percent at a range of 40 feet 
or less. 

Average current velocity with respect to depth was measured by the 
“free-instrument method.”(Richardson, 1968). The “free-instrument” in this case was a 
jar rigged to hold a release mechanism made up of two paper clips. These clips were 

; fashioned in such a way as to support a fishing weight which is released on contact with 
the bottom of the canal (Figure 6). The jar was made buoyant enough for the jar cap 
itself to be in the same plane as the water surface when filled to a certain level. When 
the fishing weight was attached to the release mechanism lever arm, the jar would 
sink to the bottom where, on contact, the weight would slip off allowing the jar to 
become buoyant again. The jar would then rise and break the water surface where it 
would be spotted. During the jar’s downward and upward travel, it is deflected 
horizontally by the current running through the canal. The velocity of the current is 
different at different depths, and what is sought is the average velocity with respect to 
depth. The average velocity, as is proven in appendix A, equals the total horizontal 


deflection from the point of release to the point of surfacing over the total time taken _ 


Figure 5 
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for the jar to traverse between these same two points. 

A current cross set at an 11.5-foot depth was also used to indicate any kind of 
uniformity of the velocity at that depth to that of the surface. The 11.5-foot current 
cross was also used when the current was too swift to allow the use of the jar, since the 
jar surfaced out of range of the range finder. In this case, the velocities of both crosses 
were compared for the degree of uniformity (Chow, 1959). 

Wind velocity measurements were recorded by the weather service at Kennedy 
Space Center. The tower where the data were collected is approximately eight 
miles from the Haulover Canal. Wind velocities at 3.66 and 16.46 meters were 
measured at this particular tower. Local winds play a negligible effect on the currents 
through an open channel. (Chow, 1958). The driving mechanism of the currents is 
considered to be the change in water levels due to the wind piling of water on the 
Mosquito Lagoon and the Indian River (U.S. Department of Commerce). Thus, wind 


data from the source already mentioned is considered sufficient. 


Water levels at both ends of the canal were recorded both electronically and 
visually by two stilling well tide gauges with electronic readouts on recorders 
positioned on the nearby bank. Since no power source was near the area, recorders 
with windup chart drives were necessary. The gauges were positioned approximately 
6 meters from the banks, and 1790 + 4 meters from each other along the length of the 
canal. 

As shown in Figure 7, the stilling well itself is a 10-foot (3.05m) long, 6.0-inch 
(15.24em) ID PVC pipe with a 0.5-inch (1.27cm) diameter hole drilled in the side of the 
pipe half way down its length. This pipe was jetted and hammered 1.07m into the side 
wall of the canal. The water line at the time was 1.22m above the bottom. 


The rest of the gauge is portable. It is made up of a 6.0-inch (15.24em) ID PVC 
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Figure 6a 
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Figure 6c 
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pressure cap supporting a 2.0-foot (0.61em) length of 2.0-inch (5.08em) ID PVC pipe, in 
turn supporting a plexiglass box. This box houses a 10-turn 1K potentiometer with a 9 
tooth sprocket on its axis. The sprocket has and effective diameter of 0.719-inches 
(1.826em), which means that each turn of a tooth amounts to 0.251-inches (0.637cm). 
These dimensions make possible a recordable range of 22.58-inches (57.35em), which is 
almost twice the expected range. . 

A float 4.75-inches (12.07cm) in diameter floats inside the stilling well. The top of 
the float was connected to a 0.25-inch roller chain by a leader line and two ball bearing 
swivels. The color-coded roller chain (for visual water level measurements) was 
mounted on the sprocket and two roller guides. The chain then led back down in 
another 2.0-inch (5.08cm) ID PVC pipe about 3-feet (0.9m) long where, at the end of the 
chain, a 1.0-pound (453.59gm) lead counterweight was attached. 

A chain and sprocket was used instead of a fan belt and wheel combination in 
order to eliminate undetectable error due to the possible slipping of the belt on the 
wheel during readings. 

The threshold of the potentiometer or in other words, the amount of torque 
required to turn the pots’ axles is 44.70 gm-em and 34.39 gm-cm. This means, taking 
into account the cross-sectional area of the float, a water-level change of 0.32cm at the 
north-east end, and 0.42cm at the south-west end is required to get a change in 
reading. The torque was found by allowing grains of sand to fall in a small aluminum 
cup dangling from a 1.0-inch (2.54em) torque arm fastened to the 10-turn pot axle. After 
the axle turned under the increasing torque, the aluminum cup containing the sand 
was weighed toa hundredth of a gram. The highest readings for both pots were used in 
computing the water level change required to turn the pot axles. 

A dumpy level and surveyor's rod were used to determine the relative heights of 
the stilling wells to each other and to the U.S. Coast and Geodetic Survey bench mark 


which is 4.68-feet (1.43m) above the mean water level. Because the surveying parties 
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were inexperienced and trees lining the canal banks to the water line made sightings 
difficult, four level measurements were made of each stilling well. The average of each 
set of four measurements was taken as the actual height above mean water level of the 
respective stilling wells. The height of the top edge of the south-west stilling well was 
found to be 87.0cm, and that of the north-east stilling well to be 86.8cm. A standard 
deviation of 6mm was observed in each set of four measurements taken, and a height 
difference (relative to the bench mark already mentioned) between the stilling wells 
was found to be less than 0.2cm as shown in appendix B. 

The length of the leader line used to connect the chain with the float was such 
that when the water line was a mean water level the reading at the sprocket and chain 
connection would read “0”. The dimensions of the portable sections of the gauges, the 
measured height of the stilling well, the height of the unsubmerged part of the float 
and the length of the chain were used in determining the proper length of the leader 
line. 

The readout was accomplished by a recorder with a windup chart drive. The 
recorder scale is 11.43cm, and the actual water level range is 57.35cem. So, the ratio of 
actual water level change to recorder increment is 5:1. Each petnacee was driven by a 
6 V_ car battery. 

A schematic diagram of the circuit used for the recording tide gauges is shown in 
Figure 8. (Tempel, 1972). After connecting the battery, the recorder is initially 
calibrated by first setting the DPDT switch on “operate,” thus including the 10-turn 
1K pot (sprocket pot) in the circuitry. The sprocket pot is turned the full 10 turns for a 
maximum reading on the recorder. The recorder needle is set to a full-scale reading by 
adjusting R.- Once the full-scale adjustment is accomplished, the sprocket pot is 
turned back five turns and the position of the recorder needle noted. The DPDT switch 


is set to the calibrate position and Ry (calibration pot) adjusted so that the recorder 
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needle is brought back to the 5-turn or middle position. The calibration circuitry is 
designed to indicate a voltage dropoff of the 6 V_ batteries. 

In interpreting the readings taken, a calibration curve and visual! recordings at 
specified times were used. In this way, accurate water level measurements were 
retrieved. A fairly consistent 20-minute lag was observed for small-level changes of 
0.32cm to 0.64cm between the turn of the sprocket and the position change of the 
recorder needle. This was possibly due to friction between the needle and the 
recorder paper and the mechanical response of the meter movement to small changes 
in signal strength. A discussion of the response of the tide gauges to water level 


changes outside the gauge stilling wells is deferred to Appendix C. 
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B. PROCEDURE 


The day was started by first transporting the recorders, batteries, and gauges to 
the stilling wells already secured in the ground. The recorders and batteries were set 
up on the banks of the canal. 

The gauge, battery, and eecoeder were then connected and the recorder was 
adjusted for accurate zero and full-scale seedings. The portable section of the tide 
gauge was then secured to the stilling well. When this procedure was carried out at 
both ends of the canal, and the first level readings were recorded visually, current 
measurements were ready to be taken. Current measurements were taken at six 
different locations along the canal. All canal sections have the same geometrical shape 
ind dimensions, except for the area close to the canal bridge (U.S. Army Corps of 
Engineers, 1953). After anchoring the boat, time and sites of the measurements were 
recorded. The surface cross was released and time was started on the stopwatch. The 
range finder was preset at 40.0-feet (12.19m), and when the two images of the orange 
chlorox bottle merged into one, time was stopped. A range of 40.0-feet (12.19m) and 
the time it took the surface current cross to reach that distance were then recorded. 
Next, the jar was released with the fishing weight attached. Time was taken from the 
time of release to the time of surfacing. The range finder was then fixed on the jar 
upon its surfacing, and the range and elapsed time were recorded. After the jar and 
current cross were picked up, the boat was anchored to the next site. 

| Whenever the end of the canal was reached (the final current measurement site) 
a visual measurement of the water level was taken at the end and then at the 
“upstream” end before beginning the next set of current measurements. This was done 


to compare with the continous recordings being taken and also to be used in the event 
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that one or both the recorders broke down. At the end of the day, final visual water 
level measurements were taken, the portable sections of the tide yauges were secured, 


und the recorders and batteries were removed from the banks, all to be stowed for the 


next day. 


The reason for setting up and securing the equipment measuring water level 
changes each day was fear of possible vandalism. This process pre a bit 
tiresome. It was decided that the gauges and equipment would be left iit overnight so 
all that was required each morning was to re-adjust and wind up the recorders. The 
recorders and batteries were protected from moisture by resting them on a plywood 
board and covering them with plastic trash can liners. Some desiccant was also placed 
inside the recorder. 

Since wind measurements were being taken 24 hours a day, the recorders were 


left on overnight so that water level measurements could be correlated with them. 
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DISCUSSION OF EXPERIMENTAL RESULTS 


It will now be seen how well the Manning equation for uniform flow, our 
suspected relation between water transport through the canal and the water siitude 
slope, conforms to the actual data taken at Haulover Canal. Using the method of linear 
regression a line of best fit for the data may be found, from which, the best value of the 
Manning roughness coefficient may be taken. 

Evidence of good correlation between the wind field and the three measured 
parameters at the canal: the surface current, the average current, and the water 
surface slope along the length of the canal is presented. The preferred wind direction 
for each of the above mentioned parameters, while not strictly conforming to the 
definition given in the introduction to this work, is found for water transport to the 


Indian River and the Mosquito Lagoon. 
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Uniformity of Vertical Profile 


The vertical velocity gradient was found to be small. The surface current, the 


current measured at eight tenths the depth and the measured average velocity were 
all very nearly the same. The average ratio of the surface current to the current at 
eight-tenths the depth is 1.150 + 0.001, and the average ratio of the surface current to 
the average velocity is 1.007 + 0.001. These averages were obtained from 290 sets of 
measured values, and therefore, as a general rule, the average current in the canal can 


be fairly well approximated from the surface current. 
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Uniformity of Flow 


As stated previously, the Manning equation for flow in an open channel has much 
support in the literature. The degree of uniformity in the flow has to be established to 


sec whether Manning’s equation for uniform flow in an open channel 
ee 
S = 


4/3 


R 
is appropriate or whether the data exhibits an apprciable non-uniformity and is more 


accurately described by the varied-flow equation 


R“? dx 228 


The additional term, as defined before, is the change of the velocity head with the 


length of the channel. Measurements of the velocity at both ends of the canal at close — 


time intervals and at equal water surface slopes, indicate an average change in the 


velocity, Av = +1.81%, or an average change in the velocity squared, 


Av = + 6.38% over a distance of 1.790 km.These average percentages are well 
within the range of error inherent in the range finder used in current measurement. 
Therefore, one may think that any variation of flow from uniformity would be too small 
to measure and drop any further discussion of a possible varied-flow in the channel. 
These average percentages, however, represent only a few measured variations with 
high standard deviation. Therefore, we should investigate a little further to see to 
what degree of varied flow we could expect in Haulover Canal. 

From our energy equation we know that the flow velocity is inversely 
proportional to the depth of flow. 


v=k/y 
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where y is the depth of flow and k is a constant of proportionality. Substituting this 


expression for the velocity we have, for the change in the velocity head 


2 2 we 
of feed ke dv es eed 
dx op" g a gy ae 


Inquating the change in the velocity head to the change in the water surface slope we 


have 
2 
= dy, — 
- gv = AS 


or, since ie S 

v2 _ AS 

BY . S 
What we have here is the fractional variation of the water surface slope equal to the 
square of the froude number. For a flow depth y=4.5m anda flow velocity v=1 m/sec 
we have a 2.3% change in the water surface slope. This effects even a smaller 
percentage variation in the flow velocity. From this we see that the expected variation 
from uniform flow is indeed small compared to the inaccuracies of the method of 
current measurement. Therefore, it seems reasonable to assume that Manning’s 
equation of uniform flow gives a good representation of the flow in the Haulover Canal 


for the range of velocities measured. 


Correlation of 
Water Surface Slope 
with 
Surface and Average Current 
| and 


the Determination of the Manning Coefficient 


In Figures 9 & 10 there is a definite positive correlation of both the 
average and surface currents with the water level differences. A strong linear relation 
is evident between the average and surface currents and the water surface slope taken 
to the one-half power (Figures 11 & 12) 

To show the degree of correlation of the surface and average current with S 7? we 


compute their correlation coefficients. A simple definition of the correlation coefficient 


“r”, measuring the degree of correlation between two parameters x and y is 
n>xy->x Sy 
Jn (5x) in Sy? (> yd)? 


where n is the number of sets of data of x and y. The value of r lies in the range of (-1,1). 


A high positive correlation implying a direct relation is represented by values of r close 
to 1. No correlation at all is represented by value of r close to 0 and a high negative 
correlation, implying an inverse relation is represented by values of r close to -1. The 
correlation coefficient showing the degree of correlation between the square root of 
the water surface slope and the average current was calculated to be + 0.922, 
implying a strong positive correlation. A correlation coefficient of + 0.929 indicates a 
strong positive correlation also exists between the surface current and the water 


surface slope, as would be expected. 
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Figure 9 
MANNING UNIFORM FLOW EQUATION RELATING THE SURFACE VELOCITY 
TO THE WATER LEVEL DIFFERENCE BETWEEN THE ENDS OF HAULOVER CANAL ° 
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Figure 10 


MANNING UNIFORM FLOW EQUATION RELATING THE AVERAGE VELOCITY 
TO THE WATER LEVEL DIFFERENCE BETWEEN THE ENDS OF HAULOVER CANAL 
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Figure 1] 


MANNING UNIFORM FLOW EQUATION RELATING THE SURFACE VELOCITY 


-5 


TO THE WATER SURFACE SLOPE . 
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Figure 12 
MANNING UNIFORM FLOW EQUATION RELATING THE AVERAGE VELOCITY 
TO THE WATER SURFACE SLOPE 
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The method of least squares was used to determine a line of best fit for data 
points on the plots of current vs. the square root of the water surface slope. These lines 
give the most probable value of the current for a particular value of the water surface 
slope. From this line and the Manning uniform flow Waiuntions the best ‘value of the 
Manning roughness coefficient was determined. Particular values. of the current 


velocity and the square root of the slope were introduced in the Manning equation 


: wt 
where the hydraulic radius “R” is 3.74 m. The values of 0.0216 sec m ‘ 


ty. 


and ().0214 sec 
im ‘were determined for n for the average current and surface current, respectively, 
through the canal. These values for n compare favorably with those found in the 
Manning tables. The n value that one extensive table gives (Chow, 1959) for a straight, 
excavated, and uniform channel that is clean after weathering is 0.022 sec m3, 
Rounding off the last digit of our n value for the average current we see that we get 
the same value. 

Substituting the values of n and R we get the ‘following relations between 
current velocities and the water surface slope: 

Surface Velocity =V, =112.6 s'? m/sec 


Average Velocity =VT=111.5 S'2 m/see 


The Manning coefficient was also determined by theoretical means using the 
average value of the ratios of the measured current at two-tenths the depth to the 
measured current at eight-tenths the depth. The relation between the Manning 


coefficient and this average ratio is 
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R (r-1) 
5.57r + 5.26 
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as derived for smooth channels in a previous section with “R” calculated to be 3.74m 
and the average ratio found to be 1.15 we get 


n = (0.0160. sec m’ ; 


’ 

This method of determining n has yet to be completely verified 
experimentally by others investigating this subject. It is not clear how promising this 
last method is in determining an accurate value of the Manning coefficient for a 
particular channel. We see that by subtracting 1 from the ratio of the velocities we 
make the value of n extremely sensitive to inaccuracies in flow measurement. This fact 
alone may make this method of computing n impractical for engineering purposes. 


Plots of the Manning uniform flow equation with the theoretical value of n are 


also in Figures 9-12 for a vivid comparison with the line plots representing the value of 


n established by the data. 
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Correlation of the Prevailing Wind 
with the Transport Through 
the Haulover Canal 
and with 


the Water Surface Slope 


There may be some question as to whether the wind is the only significant 
driving force for the transport through Haulover Canal. The question of any tidal 


action in the area has already been resolved from a report from the Tides Branch of 


NOAA, US. Dept. of Commerce, stating there are no measurable tides to a 100th of a 
foot in the area. No periodic fluctuation was noticed in this investigator’s own data. 
One may also question whether any appreciable current may be established due to a 
typical salinity gradient between the ends of the canal. For a salinity gradient of a 
much as 10°/3‘ we have the equivalerit water level difference of 3.2em. From salinity 
measurements in both the Indian River and the Mosquito Lagoon, the usual salinity 
difference between the two in the proximity of the Haulover Canal is approximately 


2°f . The equivalent water level difference for a salinity gradient of this magnitude is 


0.61cm. With water level differences ranging from 1.0cm where we have little or no 


current to 21.0em where we have a water transport at the rate of 1.5m/sec it is obvious 
that any salinity gradient that may exist between the two ends of the canal has little to 
do with the transport through the same. The only driving force that could be of 
significance is the prevailing wind. 

The preferred direction of the wind, as stated in the introduction to this work, is 
the direction from which the wind field approaches causing the maximum transport 
through the canal; wind magnitude being held constant. The preferred 


direction of the wind field found for the transport in both directions through 
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the Haulover Canal does not conform to this definition. Due to the degree of 


variation in wind magnitudes it was impossible to determine this preferred direction 
from 290 sets of measured values. Rather, the preferred directions found for the 
measured parameters at the canal represent a combination of two wind factors causing 
a particular flow in the canal. One is the direction from which the strongest winds came 


causing a greater current through the canal. The other is the wind direction causing 


the maximum water surface slope in the Haulover Canal. This wind direction is largely - 


dependent on the orientation of the canal, and the orientation and shape of the Indian 
River and the Mosquito Lagoon. The latter specifies the wind direction that allows the 
wind to act over the greatest fetch (distance over water). The depth and variation 
thereof is considered to be of minimal influence in establishing the preferred wind 
direction due to the fact that the depth in both bodies of water is, for all practical 


purposes, uniform. 


The problem is to find the wind direction giving the maximum response in 


water level difference at the canal ends or current magnitude through the canal. 


Looking at Figure 13, we define ‘@ as the direction of a particular wind vector." "is 


the preferred direction of the wind which is our unknown. The degree of <orrainion of 
the winds projected on the preferred wind direction with either the surface current, 
average current, or the water level difference between the énds of the canal is found 
by using the correlation coefficient. The latter three parameters are those that were 
measured at the same half hour interval as the particular wind reading. The projected 
wind on the preferred wind direction @, for a particular wind reading, is 

We. = W, cos(B —9); 


The correlation coefficient for WG and the surface current (sc.) is 
i i 


Figure 13 
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n n 
ny) se. w. cos(B— ©); _ >» W. cos(S ~ @), > se, 


i=] iat i=1 


r= 


n n 
n DW, cosiB—@),)” a (Sow, cos(S- 9), \2 nyse? ~( Sc) 


i=1 i=l i=] i=1 


When the value of the preferred wind direction for the surface current, Ose, is 
substituted for @ the value of r is a maximum. To find this value of De.we first 
maximize the correlation coefficient by taking the partial derivitive of r with respect to 
Mand equate the result to zero: 

Lae ==() 

a 
The complexity of the resulting expression is such that the method of iteration must be 
used to find the value of @that satisfies the above relation. Since we know that the 
surface current closely approximates the average current and both are directly related 


to the water surface slope, it would be reasonable to assume that 


Preferred wind directions for the three parameters mentioned are calculated for 
cach of the two possible directions of the current through the canal. Correlation coeffi- 
cients measuring the degree of correlation of the surface current, average current and 

the water surface slope with the east-west and north-south components of the wind, 
Wew, = Wjsin@ and Wns; =W,cos©, respectively, for each direction of flow were also 


computed. This was done simply for a comparison with the values of r found for the 


same parameters measured at the canal and the winds projected on the preferred wind 


directions. 


The values of the preferred wind direction are as follows 


For water transport in 


the direction of 


225° (Indian River) 045° (Mosquito Lagoon) 
Doe = 357.5° 227.8° 
| Bae : 357.1° 225.5° 
@, = 356.6° 217.7° 


As one can see, the values of the preferred wind directions for the surface current, the 
average current and the water level difference are in close proximity to each other for 
each of the two flow directions. This was suspected due to their direct relationship 
with each other. The small differences in the values of @computed for the three canal 


parameters are most likely due to error in measurement of these parameters. 


The preferred wind directions computed for current flow toward the south-west 
and emptying into the Indian River is supported by 236 sets of readings. The computed 
values of Dae Dae , and Dy for current flow in the north-easterly direction, 
(emptying in the Mosquito Lagoon) are supported by only 49 sets of data and therefore 
the results should be looked upon as very approximate. 

Figure 14 shows these preferred wind directions relative to the orientation of 
the two large bodies of water and the Haulover Canal. From looking at this figure it is 
evident that these values of the preferred wind direction are close to what intuition 


would tell us. The fact that fetch plays a role in determining the preferred wind 


direction for transport through the canal is evident. 


The computed values of the correlation coefficients for the transport .in each 


direction is now presented. 


Values of “r" Computed for Transport in the South-west Direction 


Surface Current Average Current Water Level Difference 


Values of “r” Computed for Transport in the North-east Direction 


Surface Current Average Current Water Level Difference 


For water transport to the Indian River we see a strong positive correlation of 
the surface and average current, and the water level differences with the north-south 
component of the wind, as one would expect. Looking at the data in particular, we 
know that this north-south component of the wind is actually only the north component 
of the wind. There is, of course, a slightly higher positive correlation for the winds 


projected on the preferred directions correlated with the same parameters. 


The computed values of the correlation coefficient for water transport towards 


the north-east, indicate a good positive correlation of the western component of the 
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wind with the current velocities and water level differences as one would expect... 
However one also expects from our value of the preferred wind direction, that there 
would also be equally good correlation between the south component of the wind and 
ill the measured parameters at the canal. It is found that this is the case for the water 
level differences but not for surface or average current. As said before, the values of @ 
and r were taken from only 49 sets of data for transport towards the north-east, and 


therefore, we cannot count on their precision too heavily. 
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CONCLUSION 


The transport through the Haulover Canal is related to the slope of the water 
surface by the Manning equation for uniform flow. The Mannie coefficient used in this 
equation is approximately 0.022 sec m3, | 

_ The evidence points to the fact that the prevailing winds are the driving force for 
the transport through the cnpals The preferred wind direction for the transport of 
water from the Mosquito Lagoon to the Indian River was found to be approximately 

357°. For the water transport from the Indian River to the Mosquito Lagoon the 
the computed preferred wind direction was found to be in the proximity of 224°. 

It is hoped that the results and conclusions of this work will be an incentive for 
further investigation with instrumentation sophisticated enough to allow for more 


accurate measurements and a much longer period of observation. 
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APPENDIX A 


DERIVATION OF THE FREE —- INSTRUMENT METHOD 
OF DETERMINING AVERAGE CURRENT VELOCITY 


i 
Average velocity with depth = | (2z)dz, = Vy 
° 


Introducing the fall velocity W=© as constant. 


H Hy 
R, -{ vat] Vx dz = HVx 
1 te 

fe) 


Since LV. H and bo = H 


R, = V gH 3 ti VxH 24,7, and R = VxH = toVH _ to 0 
1 "y H X20 Ty H 2 


x 


Therefore, we see that 


x + Ae = (t, ss ty) V, =tV, implying, 


— R 
eae 


The average velocity with depth is equal to the total horizontal range over Lhe total 


time. (Riehardson, 1969). 
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Figure 15 


DEFINING FIGURE FOR DERIVATION IN APPENDIX A 


APPENDIX B 
DETERMINATION OF THE RELATIVE HEIGHT DIFFERENCE 
| OF THE STILLING WELLS 


Surveying Data: (Top of stilling wells in em below bench mark no. 2, 1972, U.S. Coast 


and Geodetic Survey). 


Date S.W. Stilling Well N. E. Stilling Well 
Sept. 22, 1973 ~57.0 em /-57.3 em 
Sept. 29, 1973 -56.0 em ~54.7 cm 

Oct. 1, 1973 ~54.2 em . 56.3 
Oct. 3, 1973 -55.4 em  ~55.0 


Average reading of the southwest stilling well is 
=a = 55.65 cm below the bench mark. 

. Average reading of the northeast stilling well is 
eee = -55.83 | cm below the bench mark. 


Southwest Standard Deviation (sw): 


Usgy = 755.65 em 
Xj - Ugw (X; - Ugy)* 
1.35 1.82 
0.35 0.12 
“1.45: 2.10 
-0.25 | 0.06 
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n 
¥ (x; = uw)? 


Osw > : = AAL — 0.59 cm 
izl 12 
n(n-1) 
Northeast Standard Deviation (One): 
us = -55.83 ecm 
ne 
2 
(x;-u, ,) (x; Ue) 
1.48 2.18 
-1.13 1.27 
0.48 0.23 
-0.83 0.68 
4.36 


The difference in elevation below the bench mark between the two stilling wells found: 
by averaging the four readings for each stilling well and subtracting is 

Une ~ Ugw = 9-18 cm + 0.60 ent 
Elevation of the stilling wells above mean water level: 
Bench mark no. 2, 1972, U.S. Coast and Geodetic Survey is 142.65 cm above mean 
water level. 


Height of the northeast tide gauge is 


142.65 em -55.83 cm = 86.82 cm 


Height of the southwest tide gauge is 


142.65 em -55.65 em = 87.00 em 


As seen above,the height difference between the two stilling wells is 0.18 em. 
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APPENDIX C 


FREQUENCY RESPONSE 
OF THE 
STILLING WELL 
WATER LEVEL GAUGES 


The main idea behind the stilling well water level gauge is to measure the long 
period water level changes due to the tide or wind piling over a large water area 
without loss of amplitude while damping out short period or high frequency 
wind-waves or waves due to local disturbances. This free exchange of water with a 
wave damping effect was accomplished by drilling a 0.5-inch (1.27em) ID hole at 
mid-length of each of the 6-inch (15.24em) ID pipes to be used as stilling wells. After 
the stilling wells were jetted into the canal side wall, the drilled orifice for each were 
65.5em below the mean water level. 


The orifice coefficient of discharge denoted by “c”, is defined as the ratio of the 


actual discharge through the orifice to the ideal discharge. The value of c for the 


orifices of the stilling wells used in this work will first be determined before we begin — 


the actual analysis of the gauge response to water level fluctuations of the open water. 


The value of c was determined by first observing the time necessary for the 


water level inside the stilling well to fall to within a mm of the water level outside the . 


well for a specific head, hy above the outside water level. To observe this, the 0.5-inch 
(1.27cm) diameter orifice was plugged witha cork. The orifice was 77.14em below the 
external water level at the time these observations were taken. Water was then 
poured inside the well to a level of 71.74cm above the water level outside. Time was 


taken from the time the cork was removed from the orifice to the time the water level 
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inside the stilling well reached the water level of the open water. This procedure was 
repeated 11 times with each measurement coming within the second of the average 


time of 89 seconds. This experimental value of t=89 seconds will determine our orifice 


velocity coefficient. 


At the instant when the head is h above the mean water level, Q=caW2gh 
cm?/sec where a= area of the orifice. 
In the time interval dt, a volume of dV will be discharged where 
dV=Qdt= caV2gh dt 
In the same time interval dt, the head will drop dh cm and, therefore, the same 
volume discharged can be represented by 
dV =A dh em? 
where A = stilling well cross-sectional area. Equating these two expressions for the 
change in volume, we have 
—Adh=ca Y2gh dt 
The negative sign is used since we have a decreasing head with increasing time. We 
now sce that we can represent this time interval dt as 


dt= =Ab? dh 


— 


ca V 2g 
or 
fe i h., =0 
t=] d= h7” dh 
t ca V2g 
1 hy 
Integrating, we find 
Ye 
b=t—t, = 2An 
cave 


With the. known experimental value of t, we can use the expression just derived to find 


the urrfice velocity coefficient. 


6S 


c = 2b = 0.62 
tav2p 
where 
h,=71.74em 
t=89sec 
a2=1.27em2 
A=182.41em2 


This value falls within the small range of values cited in King’s tables of orifice 
coefficients (King, 1949), for water discharging into air for the same orifice diameter 
and head, h . He cites his values to be about the same as that of a submerged orifice. 
With the value of c established we may now proceed with a discussion of the 
frequency response of the water level gauges. The following analysis is based on 
Keulegan’s study of basins connected to the open sea, (Keulegan, 1951), with 


modifications made by Cross (Cross, 1967), for stilling well tide gauges. 


The diameter of the stilling well, is 6.0-inches (15.24cm). The diameter of the 
orifice connecting the well to the sea is 0.5-inches (1.27ecm). Continuity requires that 
‘any flow through this orifice results in a specific change of the level in the well. If a is 
the cross-sectional area of the orifice, A is the cross-sectional area of the well, H, is the 


water surface elevation inside the well and V is the flow velocity through the orifice, 


we have 
ea a (1) 
or 
—l= ra (1a) 


Since the flow through the orifice is due to a difference between the inside and outside 


hydrostatic pressure, the velocity through the orifice may be expressed as 


v=c 2g (Hy— Hy) » (2) 
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for flow into the well, and . 
V=-c V2 (H—Ho) (3) 
for flow out of the well. Ho is the water surface elevation of the sea. Substituting these 


expressions for the flow velocity into the expression for the time rate of change of the 


water level elevation inside the well, we have 
dHy _ a ogfe H , 
Tm Ae 2e2( o—H,) (4) 
for flow into the well, and 


dHy 


a= RVR) 5) 


for the flow out of the well. If Ho is the amplitude of the sea level fluctuation we have 


the following dimensionless variables _ 


b= i/Atg (6a) 


ho= Hof (6b) 


If we also introduce the following transformation, 


thy=S/etr mon 
Where T is the period of the sea level fluctuation, we finally obtain 
dhy 
io hh, (8) 
and 
w= KV ih h<h 
de ~ ie 21 (9) 
where 
K= 


(10) 
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In finding an expression for h, we begin by assuming that the water surface 
elevation of the sea fluctuates sinusoidally. The displacements of the water surfaces in 
the sea and in the basin are given on a common axis of the dimensionless time 
parameter @(Figure 16). The origin of time is taken at the moment hy and hy are 
equal. The moment thereafter hy begins to gain over hy. Then hy=0 when t=T. The 
fluctuation of the surface of the sea is therefore given by 

hyo= sin(@—T) 0<@<27T (11) 
Since it is assumed that ho >h,, for a time T/2 and vice versa, Keulegan determines h 
separately for the first range, 0<@<7r, and the second range, 17<@< of. Also, 
instead of determining hy directly, the difference h,—hy is more conveniently found. 


Thus for the first range we have 


z=ho—h, hy>hy 0<@< Tr (12) 
hy=sin(6—77) 

d 3 

io =—KvVz+ dh (13) 


%= 0, 6=0 andr 
Introducing our expression for ho into equation 13 
M2 Kz + cos@ cosT + sin® sinT (14) 
For the sake of brevity there will be no further discussion of the determination of hy 
for the second range. Keulegan shows that the curve. of hy for the second range is 
merely the curve of h, for the first range displaced along the axis of © by-an 


amount. 77. He, therefore, deems it sufficient to determine for the first range only. 


Fora detailed solution the reader is referred to Keulegan (Keulegan, 1951). Only 


the major steps in his paper will be mentioned in what follows. 
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Figure 16 


SURFACE FLUCTUATIONS OF THE SEA AND IN THE STILLING WELL © 
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Since we are dealing with periodic..changes, a series of circular functions is 
i 
selected as a possible solution to equation 13 or 14, Keulegan chooses 


z= D’An sinn@+ > Bnleos n@ — cos(n+z) | (15) 
n=] ee | 


where we see that z vanishes when O=0 and Tr . 

In equation 1 there is the term Vz and it is found necessary to make use of the 
fourier expansion of Wsin@. The Vsin@ is single valued, finite, and continuous 
between the limits @=0 and ©=77 and can therefore be developed into the series 

vsin@ = ay sine + ao sin 26 + ag sin 390 (16) 
where the coefficients have the values 


TT 
m= VWsin®@ sin me de (17) 
0 


Keulegan writes the following series for /sin@ in conforming with the above rule 
and his particular solution for; 

Vsin@ =N, sin@ + Ng sin 836 + N, sin 58 (18) . 
where 

» T 
Nm= 2 fvsne sin meg d@ 
0 
The vaiues of the n’s are found numerically by replacing the process of 
integration by the process of summation. For example 
= 2 oy, i ae < 

N,=3 LvSine sin@ 46 0<O<TT (19) 
The summations were made by letting the interval 46=0,.03491 radians. Since high 
accuracy was not needed the first two terms in the series were considered a good 


approximation of v/sin@ . The solution for 
dz _. 
de 
was taken to be 


—KV7+ cos cosT + sin® sintT 
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% ay sin@t+ ab, (cos @ —cos 36) +aja, sin 39 * (20) 
The unknown quanliGes are the coefficients aj, ag, b., and the phase angle 7 . 
The square root of z, with small terms neglected, and the expression obtained by 
differentiating z with respect to@are both substituted in equation 14. From the result, 
Keulegan is able to obtain four separate expressions relating the four 
unknowns mentioned with each other and with N, and K whose values can be 


computed independently. With four equations and four unknowns it was found that ay 


Ag, bg, and T all depend individually on the coefficient of repletion K. 
In recalling that 


and substituting the expressions found for a4 ag, and bg in equation 20 and that found 
for T in equation 11; we see that the water level fluctuation in the stilling well can be 
expressed soley as a function of time for a particular value of K. We have 


h,;=a, sin Ota, by (cosQ — cos 36) + asa sin 830+ sin(@—T) (21) 


a 
for 
0<6<2TT 

The maximum and minimum displacements of the water level in the stilling well 
was found to correspond to the zeroes of z (@==0,77 )since oY was found to vanish at 
these points (figure 16). Now remembering a dimensionless quantity we see that him 
gives the ratio of the range of the fluctuation inside the stilling well to the range of the 
fluctuation of the sea. Since atO= 17, hy,,=ho and at O= 17, ho=sin T, the ratio 
of the range of the water level fluctuation in the well to that of the water level 
. fluctuation of the sea is | 
Ny m= sinT (22) 
The values of him as a function of K, that were presented by Keulegan (Keulegan, 


1951), are given in the following table. 
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THE RESPONSE, 
R=H, a6 = SINT, 


OF THE STILLING WELL TIDE GAUGE 


AS A FUNCTION OF THE COEFFICIENT 
OF REPLETION, K 


().1 0.1158 4.0 0.9999 
0.2 0.2293 5.0 0.9999 
0.3 0.3387 6.0 1.0000 
0.4 0.4414 7.0 1.0000 
0.5 0.5359 8.0 1.0000 
0.6 0.6209 9.0 1.0000 
0.7 0.6955 10.0 1.0000 
(0).% 0.7592 20. 1.0000 
0.9 0.8160 30. 1.0000 
1.0 0.8555 40. 1.0000 
yg 0.9168 50, 1.0000 
1.4 0.9536 60. 1.0000 
1.5 0.9745 70. 1.0000 
1.8 0.9861 80. , 1.0000 
2.0 0.9926 90. 1.0000 
3.0 ().9996 100. 1.0000 


In Figure 17 we have plots of him as a function of the wave period, T for the: 


stilling wells used at Haulover Canal. Each line plot was for a specific value of hy: 
Recalling the expression for K, we see that the coefficient of repletion and the wave 
period are directly related. We pet the specific relation between K, Tt and hy for the 
stilling wells used at Haulover Canal by substituting in Lhe expression for K the values 
of the cross-sectional area of the stilling well, the orifice, and the value of our particular 
orifice coefficient. We see that | 
K=0.0055 aE (23) 

For sea level fluctuations with an amplitude of 0.91m and for periods of over 13 
minutes we have a 100% representation of that amplitude in the stilling wells used at 
Haulover Canal. At the amplitudes which were in the range of those measured at 
Haulover Canal, H)=0.30m and Hy)=0.15m, we have periods of 7 and 5 minutes, 
respectively, that are necessary for 100% representation in the stilling wells. It is 
certain that the time necessary for the prevailing winds to pile water at the canal to 
15cm above the previous level is much greater than 5 minutes. Therefore, we can see 
that the water level inside the stilling well, at any instant is an accurate representation 
of the water level outside the well, resulting from wind piling. As Figure 17 shows, 
waves of high frequency are damped out, which is, of course, the purpose of the stilling 
well, 

The lag denoted ascx, between the maximum displacement of the water level of 
the sea and the water level in the stilling well is also of importance in looking at the 
total pictures of the response of our gauges. Our expression for ho: 

ho=sin (©O—T) 
tells us that hy is a maximum when Q@— T=" . The maximum displacement in the 
well occurs when © =77,. Therefore, the lag is 


“ah _-+ (24) 
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Figure 17 


RESPONSE OF THE TIDE GAUGE AS A FUNCTION OF WAVE PERIOD 
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LAG OF MAXIMA, oX 
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Figure 18 


LAG OF THE TIDE GAUGE RESPONSE AS A FUNCTION WAVE PERIOD | 
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The values of o<are obtained from substituting the values of 7 =sin7! h fi in the 
above equation. Again making use of the direct relationship between K and the wave 
period I’, lines representing the lag of the maxima as a function of wave period were 
plotted for the three specific values of hy used in Figure 17. We see that there is no 
appreciable lag between the maximum amplitudes inside and outside of the well for 
external amplitudes of 0.15m, 0.30m, and 0.91m with the respective periods of 8, 10, 
and 16 minutes. 

We see from both Figure 17 and Figure 18 that the stilling well tide gauges used 
in this work show good response to water level changes induced by wind piling while 


fillering out undesirable high frequency waves. 
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Statistical Study of the Total Surface Area and Total Volume 
of the Lagoonal System of the East Florida Coast 
(Mosquito Lagoon and Indian River) 

from 28°52'N to 27°10'N 
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Definition of Numerical Classification 


of the Lagoonal System 


28°52' N - 28°40'N (Mosquito Lagoon) 

28°48' N - 28°39'N (Railroad Bridge) 

Railroad Bridge ~ Titusville Causeway (SR 402) 
Titusville Causeway ~ Addison Pt. Bridge (SR 405 
Addison Pt. - Canaveral Barge Canal Causeway 
Canaveral Barge Canal - Cocoa Causeway (SR 520) 
Cocoa Causeway - Pineda Causeway 

Pineda Causeway - Eau Gallie Causeway (SR 518) 
Eau Gallie Causeway - Melbourne Causeway (SR 516) 
Melbourne Causeway - Cape Malabar 

Cape Malabar - Grant Farm 

Grant Farm ~ Sebastian Inlet 

Sebastian Inlet - Vero Beach Canal Causeway 
Vero Beach - Fort Pierce Inlet 

Fort Pierce Inlet - Bascule Bridge (27°15'N) 
Bascule Bridge - Baker Pt. (AIA) 

Baker Pt. - St. Lucie Inlet (27°10' N) 


Conversions 


1 sq. ft. 
1 ft. 


0.0929 m” 
0.3048 m 


Alphabetical Classification of Depths 


feet 

A 0-2 0- .6096 0-0. 6 
B 2-4 . 6096-1. 2192 .6-1.2 
C 4-6 1. 2192-1. 8288 1, 2-1.8 
D 6-8 1. 8288-2. 4384 1.8-2.4 
E 8-10 2. 4384-3. 0480 2.4-3.0 
F 10-12 3. 0480-3. 6576 3. 0-3. 6 
G 12-14 3. 6576-4, 2672 3. 6-4.3 


Charts Used: 


1, Nautical Chart #843-SC (1973) 
2. Nautical Chart #845-SC (1971) 
U.S. Department of Commerce, N.O.A.A. 
National Ocean Survey 
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ABSTRACT 


A linearized model of wind-driven transport is 
consideree for 2 hasin of shallow derth. The concept of 
time constants,the veriod for the eauilibrium surface to 
be established(steady state),are introduced into the time- 


devendant moeeling eauatione. The effect of rotation, 
friction,stratification,ard toporranhv are investigated for 
a shallow basin. 


I. Introduction 


In the past considerable attention has been given to 
wind-driven circulation in the oceans. Many of these papers 
have becore the foundations of wind-driven theory and are 
Sesigneted as the classical pavers of oceanography. 

Recently there has been an additional undertaking to 
investigate wind-driven lake circulation. 

Birchfield(1967),Rao and Murty(1970) have developed steady 
state linearized models for a homogeneous fluid. A limitation 
of this time-independent theory is that it will only predict 
the average velocity of flow. 

Inviscid time-dependent theory was largely developed by 
Csanady(1967,1968,1972). Within these models the response 
of a fluid to an applied wind stress is the sum of internal 
and external inertial gravity waves and a quasistatic response. 

Friction and time-dependent models of circulation have 
been solved by numerical methods such as those formulated by 
Paskausky(1971) and Simons(1971,1972). 

The present paper is devoted to a study of wind-induced 
flow in a shallow water basin. The relevant scale factors 
to determine the effect of rotation, topography ,friction,and 
stratification for this basin model will be investigated 
within this paper. For a model basin of typical horizontal 
and vertical lengths,2km by 17km and 10m resvectively,rotation 
and stratification are neglected. 


II. Flow Parameters 
1. Rotation 


To determine the relative importance of rotation the 
relevant scale factor has to be established. The scale 
factor will then give an indication of the importance of 
rotation in the theoretical and actual systems. 

Consider first the frictionless case and the corres= 
vonding modes of oscillation. 

Ball(1965),"First-class modes depend for their existence 


on gravitational restoring forces resulting from the deformation 


of the free surface,whereas the second=class modes merely 
require a gradient of potential vorticity within the liguid". 

Lamb(1932),"Tynes of circulatory motion which are of 
infinite period in the case of no rotation,may be converted 
by the slightest derree of rotation into oscillatory modes 
(second-class modes) of periods comparable with that of 
the rotation". . 

The relevant scale factor to determine the effect of 
Coriolis accelerations are the modes of the second-class, 
not the first-class modes(seiche). 

For a rotating basin the low frequency(longitudinal) mode 
is decreased and narticles exhibit anticlockwise rotation in 
the nothern hemisphere. This type of motion has been observed 
in Lake Erie by Platzman and Ra0(1°63). Similarly the high 
frequency(transverse) mode is increased and particles acquire 
clockwise motion. These conclusions by Ball(1965) are in 
agreement with earlier work by Rayleigh(1903),Jeffreys(1925), 
and Goldstein(1929). The existence of a negative amphidromic 
voint for the high frequency mode is in disagreement with 
Taylor's(1920) hyvothasis of the existence of only positive 
ampvhidromic voints. 


Csanadv(1973),has vroposed that the Coriolis acceleration 
is negligible in comparison with the local aeceleration if the 
basin width is small compared to the radius of deformation, 
(en)?/2/¢, Here,g is gravity,h the basin depth,and f the 
Coriolis parameter. Rossby(1936) introduced the radius of 
deformation in the investigation of his wake-stream theory. 
See the appendix for a mathematical derivation. Utilizing 
this formulation one may conclude that the Coriolis accel- 
eration is indeed small for the particular shallow water 
basin model under study. 

Simons (1973) has criticized Csanady(1973) in his method of ° 
determining the effect of the Coriolis parameter. Alternatively 
Simons(1973) and Bennett(1973) arrive at similar results in 
their investigation of the influence of the Coriolis force. 
These results only apply if the Coriolis force is negligible 
in determing the flow pattern. As stated by Csanady(1973) 
this cannot be rigorously proved. The physical meaning of 
comparing basin width and radius of deformation to determine 
the importance of the Coriolis force is admittedly an unresolved 
point of present day modeling. The width of a basin may 
Dlausibly limit the development of transverse motion. Exactly 
how this is manifested into an understanding of the influence 
of the Coriolis force is not physically understood, 

Blanton(1974),has observed that within the frictional 
boundary layer rectilinear currents predominate and outside 
this region rotary motion is increased. Friction appears 
to be a Significant parameter in impairing the existence of 
rotational motion. 

Csanady(1973),has illustrated that frictional(decay) and 
rotational(period) time scales are comparable for the Great 
Lakes. "The rotation of the quasi-steady flow pattern may be 


observable . .. it is unlikely that such rotation could be 
followed for a prolonged period." 
Rotation of the second-class type stated is Ball (1965). and 
Lamb(1932) for these prescribed geometric conditions is not 
likely to be found as a result of frictional influences. — 
In coneclusion,the neglect of the earths rotation is a 
workable approximation but it cannot be rigorously substantiated. 


2 Topography 


Of particular interest when considering topography is 
the Taylor—Proudman constraint;transport is directed along 
contours of constant devth in accordance with observations. 
The Taylor-Proudman restraint may be a useful concept in the 
modeling of streamline patterns of circulation, 

The effect of a variable depth basin and how this may be 
formulated in the eauations of motion and continuity was 
investigated by Csanady(1973). In a nonrotating basin of 


‘constant devth the forced resnonse is a "set up",a constant 


nonzero slope balancing the wind stress. In this case transport 
is eauel to zero,for a constant devth. For a basin of variable 
depth the "set un" is accompanied by an additional forced 

flow pattern. Csanady(1973) then states that this consideration 
yields the transport as a function of time,for a variable depth 
basin. This conjecture by Csanady(1973) of an additional 

forced flow pattern and a time-dependent transport for a 
time-indevendent elevation distribution does satisfy the 
governins edaquations but the physical meaning of this model 

is rot clearly understood, 


In addition.to bottom tonography,the surface configuration 
must alse be considered in the general formulation of the 
model. ™o anvlv wine stress on a level surface one must assume 
the ricid lid avyproxvimation. Pall(1965),claimed that surface 
‘gravity waves may be neglected if "e" is small. 


e = Lf? /eh 


Here,z is grevity,” the hecin depth,L the hasin width, 
and f is the “narintic naremeter, This ratio is the square of 
the ratio of the furdamental seiche period to the inertial 
neriod. The dimensionless number "“e" has also been used by 
Ceenady(1965),an? is nresented on vage 4 of this vaper. 


3. Stratification 


Stratification is 2 vertically sensitive varameter and 
may be related to the vertical flux of momentum. The central 
oroblem in every wind driven model of circulation is the 
turbulent exchange of momentun in the vertical direction. 

he Aistribution of the current Flow ie dependent on 
the stratification which restricts the vertical motion and 
the effective influence of wind stress(see Bennett 1974). 

Of particular importance is the influence of wind 
mixing ir = shallow basin. How effective is the penetration 
of a turbulent layer into a stratified fluid? Kato and. 
Phillivs(1969) from exverimental results have proposed a 
method to determine the cevth of mixing. 

The rate of increase with time of the surface mixed 
layer under the influence of wind is 


a(t) = v, (1st /N,2)773, 


here T* is the duration of the wind ,N, the buoyancy frequency, 
u, the frictional velocity,and PD the Sh of the mixed layer. 
For the values T= 10?sec. ,¥, = 2.7:107°sec.~! and 


u, = lem/sec.,the devth of the homogeneous layer is 12.5m. 


4A further consideration of stratification is the physical 
vrocess of diffusion. Since we are also dealing with a 
dynamical system it will be useful to investigate also the 
devendence of shear on relative diffusion. The following 
references give an historical development of the influence 
of shear on relative diffusion. For @ more inclusive investigation 
see Kullenberg(1972). 

Taylor(1954) introduced the idea of shear-diffusion.in 
bis investigation of flow through a nine. 


k, = 10u,a 


Mere ky is the longitudinal diffusion ecoefficient,u, the 
frictionel velocity,and a the radius of the nine. 

Vivikoy (1958) concluded that. the shear effect dominates 
the horizontal diffusion efter en initial veriod. 

Tlder(1959) claimed that disnersion is determined by the 
oambined antion of [steral diffusion and advection of the 


mean flow. ‘Slder defined the effective longitudinal diffusion as 


y 
ree! De Mn ? 


where u, is the frictional velocity,and h the denth of the channel. 
Neeron(1962) consifered diffusion for the case of wind 
Ariven lake circulation and formulated the following equations. 
% AS 
T = .OOL2p_u * 
172 
Uy = (T/e.)* 


5.on/ (001 2p,u2) yp, )1/? 


G 
it 


og 
It 


k, = mu,2 


“he axnressions are defined as hefore with the adeition of 2. 
and Sr, which are reenectively the density of air and water. 
Aleo uv is the wind velocity,T the wind stress ,and k, is the 
vertical diffusion. 
Neacon has exverimentally found tyvical values of vertical 
and horizontal diffusion,k, = 2000em* /sec. and k, = «1 to 1.5 om’ /see 


Spatial Aiepersion for a given time scale are 60m for horizontal 


aiffusion and 1.5m for vertical diffusion. 


Bowden(1965) has concluded that dispersion is inversely 
nroportional to the vertical diffusion. . 

The annarert horizontal diffusion is interpreted by 
Kullenberg(1972) asan effect of the combined action of vertical 
aiffusion and advection due to the mean flow. Small scales 
affect the Aiffusion,laree scales affect the advection, For 
smal. diffusion times the small scale determines the dispersion 
at the initial time,the large scale merely advects the whole 
spot. For large diffusion times,the large scale components 
of the motion are important for dispersion. 

Blanton .and Murthy(1974) have observed that high shear 
valnes usually do not coincide with high winds,but are usually 
related to the inability of the nearshore currents to adjust 
to a slowly varying wind regime. Simple momentum arguments 
suggest that the time for adjustment decreases as water denth 
nearshore decbeases. 

For a shallow water basin the time scales of diffusion 
may be considerably reduced yielding the large scale 
advection proverties of flow. From considerations of the 
development of dispersion relationships it appears that 
relative diffusion is less effective than meandering as a 
means of dispersion. 

In addition to meandering the process of wind mixing is 
also a dominant condition to determine stratification. For 
a given time scale and a shallow water basin of weak 
stratification the approximation of a homogeneous fluid may be 
a valid assumption. 

In summary a basin of shallow depth has a relatively 
small adjustment time scale to a transient wind field. The 
time scale is decreased under these conditions allowing the 
effect of meandering and wind mixing to intensify the 
mixing process. 


4. Friction 


Frictional effects apnear to become vredominant in 
the model of a shallow water basin. The %kman number 2s 
an indicetor of frictionel influence sugrests that the flow 
nettern may not have an outer revion that is inviscid(see _ 
‘Tacobs,1974). Por a basin of typical horizontel and 
vertical length scales of 2 km. and 10 m. respectively 
what is immlied when ¢cefinins 2 frictional layer in terme 
of an Ekrvyn rmumber? This cuestion becomes significant 
when considering previous anelysis of the influence of 
friction on rotetion. 

The rate of transvort is reduced by bottom friction. 
The friction term mav be defined in terms of a drag 
coefficient ,a constant that t* 2 recivrocal of the time 
seete in which ° civen trercvort nattern would be reduced. 
“his model will utilize this concent and define the rate of 
Cecsay “af transport ir terms of linear friction. 

Csanedyv(1973) has vronoseé’ that the effect of friction 
reduces the merniture but toes not alter the gener2l1 flow 
~attern, Simons(1974),ir his modeling of analyticnl and 
ramerical theory,has sirilarly concluded that friction has 
evlvy a quartitetive influence on circulation. 

“ofel theory that has considered friction, Paskausky(1974), 
and Simons (1971 ,197°) ,has normally been solved by numerical 
techniszues. These formulations are not of simvle form and 
ney not be checked against field observations easily for 
they lack vrvsicel representation of the dynamics of the 
nroblem. 
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III. Formuletion of the problem 


Time-dependent transvort is dependent upon the pressure and 
wind stress terms of the general Navier Stokes equation. The 
following model utilizes the concent of a transport "decay constant" 
as was proposed by Csanady(1973). In addition the time constant 
for the equilibrium slope("set up") to be established is 
represented in the equation of motion. This model does not 
yield an explicit solution for the transpart but attempts to 
give an insight into the growth and decay of the equilibrium 
surface, 

For a linear model assuming the hydrostatic approximation 
and neglecting the Coriolis acceleration and stratification the 
devth integrated equations of motion and continuity are 


(1) su/at = -gh dh*/dx + TA 
(2) av/ot = -eh dh*/y + TA , 


(3) JU/ax + W/dy = -dh*/ot , 


where U and V are transport components(x ard y respectively) ,T, 
and ae are wind stress components,eg is eravity,) is density ,h 


is weter denth and h* is elevation from equilibrium, 


1. Initial Period 


During the initial nericd a constant wind stress acts on 
a still basin nroducing a time denendent transport. The equations 
of motion and continuity for the initicl period are 


omen) kU = -—gh dh*/ax + "/p 


(2.1) k,V = -eh ah* Ay + TY /P ; 
(3.1) ov fax + OV Ay = -dh*/ot , Ost<1/k, , 


where ky is the reciprocal of the time scale to attain the 
equilibrium slone. 


2. Later Period 


After some initiel period the transvort will be reduced 
by bottom friction. During this later period of the model, 
line:r friction is introduced into the governing equations 
such that 


(4} FL, =k Uv, 
(5) FL, kv 


where ve and oy ere the x and y comvonents of friction,and k, 
is the reciprocal of the time scale for the esuilibrium slone 


to venisn. The governing equations for this later period are 


(i 3) O = -gh dn*/ox + TAH He 3 
(2.2) QO = ~ch dh*t/ox + TA - Py ; 
or, 

(1.3) koli = eh dh*/Ox + TL/P , 
Cre WoW = -gh dh*/dy + a /P ; 


(oa) aIAyY - AV Or = -d°* Ot ; L/ky< t<1/k,. 


3. Intermediate Period 


When both the initial time dependent and frictional 
transports are imrortant in determining the flow wvattern the 
ecuations of motion and continuity are 


(1.4) _ (°/ t + kj U = -gh dh*/ax + TAP ; 
(Och) (d/ t- kA)V = -mh dn*/y + T/p : 
or, 

6.5) kK, + wt = =-sh dh*/or + "Pp ; 
(23557 xy + kV = -ch dh*4v + "AP : 
(3,5) JUAx + WAV = -dh* At : 


a 
for Y<tgtst<i/k,. 


in 
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4. Determination of Time Seales 


From geometrical considerations of a basin of length L, 
the transport is defined as 


(6) U = (uh)t = 1/4 heb. 
She slope of the surface is 
(7) Be=h*/(L/2) . 


In addition to the above form the stope.may be expressed 
as an Ekman sloper 


(8) B= 3/2 Teh . 
Combining these three equations yields 


(9) k, = léupgh*/30L° , 


where ky is the reciprocal of the time scale for the equilibrium 
slope to be established. For a basin 17km in length and with a 
constant wind stress of 2em/om-sec” , the period to attain a steady 
«tote slope is 103 seconds. 

Friction will tend to bring the surface level back to the 
original condition of zero slove. An approximate order of 


magnitude for this period mav be found by assuming 


(10) 


yy 
tt 


l6upeh?/3T, b>, 
(11) ™ = 6,u° (bottom stress), 


b ) 


where Ky is the recinrocal of the time scale for the equilibrium 
g=2°107? (bottom 
Ares coefficient) ,u=l0em/sec,the time for this current to decay 


slone to be zero. For the values ,z=200cem,C 


. : 4 
ic a~proximately 10° seconds. 
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5. General Solution 


The x~comnonent of the linearized equation of motion is 
; ° 2 
(V8) ku = -g ah/ax + A/ Q i/d7, 


, 


where A is the constent ed-v viscosity coefficient ,and k is 
tne recinrocal of the time scale to reach an eauilibrium 


curfsce. 
For the tranciert reriod the surface slope is a function 
of time: : 
(1.7) -z dh(x,t)/dax = U(x) M(t) 
Accume the velocity has a solution of the form, 


(1.8) | u=- M(t) F(z) 


Myon substitution of the solution form into the genere] 
eauation(1.46) vields, 


Gee uR(z) =H + AR SR(z)Az . 
At the surface,z = 0,thus 
(16) F(0) = 0 and Y¥R(O)/az*=0 . 
Solving equation (1.9) by use of the Lavlace transform yields, 
WAY) L( kR(z) =H + Af SR(z)Az° ) , 


(1.92) = (kR(s) = H/s + A’ (#°R(s)) ) , 
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(1.13)  -B(s) =+(H/s)A(Ap 8° - kk), 

(1.14) F(z) = m1( F(s)e(s) ) = Getude(aun) dui, 

(1.25) f(z) = LI H/s ) = -H 

(1.16) e(z) =U ( 1/(Apes? -k)) 

(1.179 = Ife (pk /A)1/? wm (p/ay'/2/(82 - p/n) ) , 
(1.18) | e(z) = 1/k (pPk/A)1/2 sinn( (pK/a)l/? 2 ) , 

(1.19) F(z) - fife Gx/ay/? sinn( (pk/a)i/? (zu) ) au, 
G25 B(n) = -H/k (1 - cosh( (pk/a)?/2 ¢ ) 


The velocity is defined as,u = F(z) M(t),thus 
(1.21) us HC M(t)/e )( 1 = cosn( (pefa)?/? 2 } 
# . 
By definition H is of the form, 
(1.22) H= ( -g dhfox )/M(t) , 
and the derived solution is of the form, 


(1.23) v= (H/k) M(t) . 


Consider an inapectional analysis form of the general 
governing equation(1.56): 


(1.24) (ku)k’u’ = -(¢ h/xde’ dh’ f/x?’ + 


+ (Aufpp®) Ar/p? Surfer? 
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From a general comparison of terms of equation (1.24),the 
general form of velocity(u) and the depth(D),the following 
relationships may be formulated: 


(1.25) u = (gh)/(xk) , 
or, 
(1.26) u= (pghD°)/(xa) , 
where, 

(1.27). D = (afk) ?/2 


The velocity form revresented by equation (1.25) concurs 
with equation (1.9) and the general derived form of velocity 
expressed by equation (1.23). 


TY 6Cummary and Conelusion 


™he effect of rotetion,stratifiestion, friction ané tonorranhy 
or the genera’ flow nattern have heen investiseted for a | 
chellow weter basin. Tn conelusion,the influence of rotation 
and stretificetion are nerlected in the analytic:1 model of 
wind-induced flow, 

The Coriolis narameter is omitted since the local acceleration 
je considerably larcer in megritude than the Coriolis acceleration, 
he influence of rotetion may induce second-class modes of 
oscillation, owever frictional forcess will probably dissipate 
these rotational modes. 

Wind mixing and meandering are the predominant factors to 
Aetermine the extent of stratificetion. From geometrical 
eonsiferations the time-scale of diffusion is reduced letting 
the larger scale effects of advection dominate the diffusion 
erocess, With the effect of advective mixing and the vertical 
nenetration of wind stress the approximation of a homogeneous 
fluid may be a valid assumption for an initialy weakly 
stratified shallow fluid. 

The concent of introducing time constants into the equations 
of motion yields an understanding of the establishment and decay 
of the wind-induced sloving surface. Time constants are 
Aefined as the verioc to attain an equilibrium balance 
between the pressure and frictional forces of the general 
Navier Stokes eauation. When the above forces are in balance 
the transynort for this steady state candition is gero. Friction 
is incorporated into the transient state pattern in terms of 
a negative transport function. The combined transnort function 
defined by time constants is an attemnt to give a general insight. 
into the balance of forces for a wird generated flow. 
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This model,being two-dimensinnal and linear,does not admit . 
a complete understanding of the general pvhenomenon of circulation. 
The concept of a constant eddy viscosity may be an over 
simplification of the problem. The eddy viscosity should be a 
function of depth for motion is generated at the surface by 
wind and inhibited at the rigid bottom. Other inherent limitations 
of the model are the assumptions not to consider advective 
terms and horizontal diffusion,both of which may become 
significant in the pnroximity of the boundaries. 

Of special interest in the dynamics of shallow water 
flow is the condition of a basin composed of a narrow channel 
with shallow outer revions. From morentum princinles a 
reduction of water level may alter the flow pattern of circulation. 
Precinitation formulated into the continuity equation may also be 
an imnortant consideration when investigating a shallow water | 
basin. 
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APPENDIX 


Formulation of the model equations of motion and continuity 
for a homogeneous ,linear,and frictionless fluid are 


du/dt = -1/p aP/dx 


at t=O,apply wind stress ,T, 


du/dt = -1/p dP/ax + 1/9 aT, /az 


assume the hydrostatic avpnoximation, 


du/dt = -g dh/dx + 1/p al y/dz 
integrate over depth, 


Ssa/at dz = ~g §dn/dx az + 1/pfat,/az dz 
using Leibniz's rule and neglecting nonlinear terms and defining 
transport as, 
U =f u-e2 
yields, 


(1) dU/dt = -gh dn*/ax + T/? 
where bee is the x-component of wind stress,h the depth and h* the 
elevation from equilibrium. 

Continuity for a homogeneous fluid is: 


apse + p(du/dx + dv/ay) = 0 
integrating over depth and defining transport as, 
U=fu dz 
V = fv dz 
apply Leibniz's rule and neglecting nonlinear terms yields, 


(3) ~dn*/at = d3/dx + av/ay 
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Appendix continued. 


Effect of Coriolis force:An approximate comparison of the 
Coriolis acceleration and local acceleration in terms of the 
radius of deformation,Csanady(1973). 

The devth integrated linearized equations of motion and 
continuity with the hydrostatic approximation are; 


(1) d5/dt = -gh Sh*/dx + T,/p 
(2) al/dt = -gh dh*/dy + 1/9 
(3) au/ax + AaV/y = -dh* fot 


introducing the Coriolis varameter and considering a long basin, 


(151) dU/dt - fV = -gh dh*/dx + TL/9 
(2.1) fU = -gh oh*/dy 

(3.1) a°v/ay® = 3°hx/otay 

(3,2) v = §f d/dt(dn*/dy) ayay 

(343) v= f$d/dt(fU/en) ayay 

(3.4) fv/(a0/dt) = f°y?/ gh 


if y,the basin width is small compared to the radius of deformation, 
(en)? 2/f , the Coriolis acceleration may be nerlected in comparison 
with the local acceleration, 
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